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ABSTRACT 
 
 Fusarium graminearum and Fusarium verticillioides are fungal plant 
pathogens that can cause yield losses, reductions in grain quality, and produce 
mycotoxins that can cause serious diseases in animals and humans when 
contaminated grain is consumed.   Both pathogens can infect and cause disease in 
seedlings. F. graminearum infects cereals and other crops and produces mycotoxins 
including deoxynivalenol (DON), which can act as a virulence factor for Gibberella 
ear rot in maize and head blight of wheat.  F. verticillioides infects maize and 
produces fumonisins, a group of mycotoxins with phytotoxic properties.  Previous 
research into the role of these mycotoxins in seedling diseases has been conflicting.   
 To assess the roles of deoxynivalenol and fumonisins in seedling disease, 
wild-type and mycotoxin non-producing mutants of both fungi were used to 
inoculate seeds in rolled-towel experiments.  F. verticillioides isolates were used to 
infect dent and sweet varieties of maize while F. graminearum isolates were used to 
infect dent maize, soybeans and wheat.  Plant weights, shoot lengths and disease 
severity (soybean only) were measured at 7 days. Additionally, infection levels were 
compared by quantifying fungal biomass present in plant tissue between fungal 
isolates using qPCR.  Finally, an experiment to determine changes in gene 
expression in maize inbred B73 when infected with wild-type or deoxynivalenol non-
producing isolates of F. graminearum was performed to better understand the 
infection process and response of the plant to DON.   
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 Results of experiments with F. graminearum differed among the varieties for 
all crop species. In soybean, only the susceptible cultivar demonstrated significant 
differences between plants inoculated with the wild-type and the DON non-
producing mutant for plant weight and length. In wheat, the wild type, but not the 
mutant, caused reductions in weight and length in the susceptible cultivar. The 
partially resistant variety was reduced in plant weight by both isolates, but neither 
isolate reduced shoot or root length. In maize, the wild type and the mutant had an 
impact on shoot length and plant weight for all three hybrids tested.  In one 
susceptible hybrid the wild-type caused greater effects than the DON non-producing 
mutant. Results indicate that DON production is not required for pathogenicity in 
seedlings, but the wild-type isolate generally produced greater symptoms and there 
are interactions between host genotype and DON effects. Gene expression changes 
in maize in response to infection with wild-type and a DON- mutant revealed that 
different genes were expressed during early infection and plant germination in 
comparison to genes expressed after 7 days.  There were minimal differences 
between the wild-type and the mutant isolates for any of the time points sampled.  
There were greater differences between wild-type infected plants and mock-
inoculated plants. 
 Experiments with Fusarium verticillioides in sweet and dent maize did not 
provide conclusive results about the effects of fumonisins on seedling disease.  For 
hybrid dent maize, shoot length and plant weight were reduced by only two out of 
ten isolates tested, regardless of fumonisin production.  Fungal biomass was higher 
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in the root tissues than mesocotyl tissues but did not show consistent differences 
between fumonisin producing and non-producing isolates.  In sweet maize there 
were no significant differences in plant weight or shoot length between plants 
inoculated with fumonisin-producing and non-producing isolates.  All isolates were 
significantly different from the control for both plant weight and shoot length.  
Fungal biomass quantification for F. verticillioides in sweet maize was highly 
variable but fumonisin-producing strains did not consistently colonize the plant 
tissue to a greater extent than non-producing strains.    
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CHAPTER I 
INTRODUCTION 
 
Dissertation organization 
 
 This dissertation is organized into 4 chapters.  It begins with a literature 
review of Fusarium verticillioides and Fusarium graminearum, the plant diseases 
caused by each and the mycotoxins produced by these fungi.  Chapter two describes 
experiments on the effects of fumonisin, produced by Fusarium verticillioides, on 
seedling disease of maize.  Chapter three includes experiments on the effects of 
deoxynivalenol, produced by Fusarium graminearum, on seedlings diseases of 
wheat, soybeans and maize.  Chapter four describes a study done to understand the 
changes in gene expression of B73 maize in response to infection with Fusarium 
graminearum wild-type and mutant isolates.   
 
Literature review 
Fusarium graminearum 
 Fusarium graminearum Schwabe (teleomorph Gibberella zeae (Schwein.) 
Petch) is an ascomycete fungus. It is widely distributed around the world and lives 
as a necrotrophic pathogen, surviving saprophytically on plant debris (Sutton 1982).  
Gibberella zeae is homothallic and produces perithecia, usually in spring, which 
forcibly eject ascospores that are carried by air currents (Osborne and Stein 2007, 
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Trail 2009).  Conidia are produced asexually by sporodochia and are disseminated 
by rain-splash (Trail 2009).  F. graminearum is most widely known as the causative 
agent of Fusarium head blight or head scab of wheat and other small grains.  It can 
also cause stalk rot, ear rot or seedling blight on maize and root rot and seedling 
blight on soybean.  In addition to causing disease, the ability of this fungus to 
produce trichothecenes and other classes of mycotoxins in infected grain adds to the 
seriousness of infection.   
Diseases Caused by Fusarium graminearum 
 Fusarium graminearum is most well known as the causative agent of 
Fusarium head blight (FHB) on wheat and other cereals.  FHB is characterized by 
bleached kernels and spikes (Sutton 1982).  Infected kernels are often shriveled and 
contaminated with the mycotoxin deoxynivalenol (DON) and its acetylated 
derivatives (Sutton 1982, Goswami and Kistler 2004, Kazan, Gardiner et al. 2012).  
While FHB can occur over a wide range of temperatures it is often more severe 
during warm, wet weather particularly at the time of anthesis (Sutton 1982).  In 
wet or humid areas seedling disease and crown rot can also be caused by F. 
graminearum.  Seedling disease and crown rot can result from planting infected 
seeds or from inoculum surviving in the soil or on crop residue (Sutton 1982). 
Seedling disease can cause stunting and wilting of seedlings and can decrease stand 
establishment to the point where replanting is necessary (Yang, Svensson et al. 
2011).  Crown rot, which can also be caused by the closely related species Fusarium 
pseudograminearum, is characterized by necrotic lesions on the stem base and 
  
3 
crown of the plant and can decrease grain yield by 35-60% (Stephens, Gardiner et 
al. 2008).  F. pseudograminearum differs from F. graminearum because it is 
heterothallic and capable of causing crown rot but is it not a major factor in FHB 
development (Mudge, Dill-Macky et al. 2006).  Management of FHB involves use of 
resistant cultivars, foliar fungicides, application of seed treatments, rotation with 
non-cereal crops and tillage to reduce the amount of plant debris that will serve as a 
source of inoculum for future seasons (USDA-ARS 2008).   
 The first report of Fusarium graminearum from diseased soybeans was in 
2004 from Argentina (Pioli, Mozzoni et al. 2004).  Symptoms in mature plants 
included light brown internal and external discoloration of the stem and leaves with 
interveinal chlorosis.  Additional work on F. graminearum disease in soybean 
determined that this fungus could significantly decrease seed germination (Broders, 
Lipps et al. 2007).  Additionally, in seedlings necrotic lesions were observed on roots 
and on seeds.   
 Gibberella ear rot, also called red ear rot, of maize is characterized by pink to 
red mold that appears on kernels, usually beginning on the tip of the ear and 
progressing downward (Sutton 1982, Munkvold 2003).  Ears are infected mainly 
through the silks, which are more susceptible to infection when they first develop 
and decrease in susceptibility over time (Reid, Bolton et al. 1992).  Moderate 
temperatures during silking and high moisture are optimal for ear infection by F. 
graminearum (Reid, Bolton et al. 1992).  F. graminearum can also cause seedling 
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disease on maize which results in stunted or abnormal seedlings and seedling death 
(Proctor, Hohn et al. 1995). 
Trichothecenes 
 Trichothecenes are a group of mycotoxins that are produced by several 
species of fungi.  Trichothecenes are separated into four groups (A, B, C, and D) 
based on chemical structure.  Group A trichothecenes, like T-2 toxin produced by 
Fusarium sporotrichioides, have a ester structure at the C-8 carbon.  Group B 
trichothecenes, including deoxynivalenol (DON), nivalenol (NIV) and their 
derivatives, have a keto structure at the C-8 carbon (Brown, Dyer et al. 2004, 
McCormick, Alexander et al. 2013).  Among Fusarium species, Fusarium 
graminearum is one of the most widespread trichothecene producers, capable of 
producing DON, several DON derivatives and other trichothecenes. Deoxynivalenol 
and NIV have been widely studied due to their contamination of food and feed 
causing serious diseases in humans and animals.  The U.S. Food and Drug 
Administration recommends a limit of 1 ppm DON in finished wheat products and 
10 ppm in grain and grain by-products.  Recommendations are also set for feed 
limits ranging from 5-30 ppm depending on the product and which species of animal 
will be consuming the grain products (FDA 2010).  
Trichothecene Biosynthesis 
 The first gene to be investigated in relation to trichothecene biosynthesis was 
Tri5 which encodes the trichodiene synthase enzyme (Proctor, Hohn et al. 1995).  
Fungal isolates with a disrupted Tri5 gene, previously known as Tox5, were unable 
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to produce trichothecenes (Hohn, McCormick et al. 1993).  Further research into 
other genes involved in trichothecene biosynthesis identified a gene cluster 
containing 12 co-regulated genes (Brown, Dyer et al. 2004). A review by Alexander 
et al. (2009) compiled many years of research about the function of all the genes in 
the cluster.  Briefly, the pathway begins with Tri5 catalyzing the conversion of 
farnesyl pyrophosphate to trichodiene.  Tri4, Tri101, Tri11 and Tri3 carry out the 
next steps in the pathway producing calonectrin.  Synthesis of all type A and B 
trichothecenes involves these steps.  In Fusarium graminearum, which primarily 
makes deoxynivalenol and its acetylated derivatives, Tri1 oxygenates calonectrin 
into 3,15-acetyldeoxynivalenol.  A 21 base sequence difference of the Tri8 gene 
determines if the isolate will produce predominately 3-acetyldeoxynivalenol (3-
ADON) or 15-acetyldeoxynivalenol (15-ADON). If the isolate has a functional Tri13 
gene the isolate will produce NIV instead of DON (Alexander, Proctor et al. 2009, 
McCormick, Alexander et al. 2013). 
Tri Cluster Regulation 
 The Tri6 gene is located outside the trichothecene gene cluster. Research into 
understanding the regulation of the trichothecene cluster in Fusarium 
sporotrichioides led to characterization of the Tri6 gene, which contains three 
Cys2His2 zinc finger domains and acts as a transcription factor (Proctor, Hohn et al. 
1995). Zinc finger domains have been widely studied and are proven to bind DNA 
(MacPherson, Larochelle et al. 2006).  While there can be other functions of zinc 
finger domains, DNA binding is important for Tri6 function.   
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 A tri6 deletion mutant was created and examined by Seong et al. (2009).  The 
mutant isolate did not produce detectable amounts of DON, 3ADON or 15ADON in 
comparison to the wild-type isolate, PH1, which produced all three, predominately 
DON and 15ADON.  Gene expression analysis using the F. graminearum 
Affymetrix GeneChip was done on RNA extractions from wild type and Δtri6 
mutant infected wheat heads.  In the Δtri6 mutant isolate almost all trichothecene 
genes were down regulated at least 2-fold. Additionally, 208 genes were identified 
that had increased expression only in the wild-type isolate.  Of these genes that 
were positively regulated by Tri6 many were involved in isoprenoid metabolism, 
which is important for the production of trichothecenes.  Tri6 can also regulate 
carbohydrate metabolism, secondary metabolism and ABC transporters and genes 
involved in virulence and defense (Seong, Pasquali et al. 2009).   
 In addition to the global regulator Tri6, the regulation of DON production is 
complex and several other genes have been identified that can affect the expression 
of DON.  Several nitrogen sources were identified that increased DON production of 
F. graminearum cultures.  All of the identified nitrogen sources are produced by 
plants as part of stress response pathways (Gardiner, Kazan et al. 2009, Gardiner, 
Kazan et al. 2009, Kazan, Gardiner et al. 2012).  Another regulator is PacC, which 
is involved in sensing extracellular pH.  PacC negatively regulated DON production 
(Gardiner, Kazan et al. 2009, Merhej, Boutigny et al. 2010, Merhej, Richard-Forget 
et al. 2011). Additionally, hydrogen peroxide has been identified as an inducer of 
DON production.  This has been shown with the addition of H2O2 to fungal cultures 
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and by sublethal concentrations of prothioconazole fungicide which has been 
previously shown to increase hydrogen peroxide in planta and in liquid cultures of 
F. graminearum (Audenaert, Callewaert et al. 2010).   
Deoxynivalenol Toxicity 
 Trichothecenes inhibit protein synthesis by binding to the 60S ribosomal 
subunit (McLean 1996, Goswami and Kistler 2004, Pestka and Smolinski 2005, 
Masuda, Ishida et al. 2007, Arunachalam and Doohan 2013, Diamond, Reape et al. 
2013).  By binding to the ribosomal subunit, peptidyl transferase is unable to bind 
to the growing amino acid chain which stops the protein from being extended 
(Arunachalam and Doohan 2013).  In plants, DON, NIV and their acetylated 
derivatives are phytotoxic, causing inhibition of germination, decreases in shoot and 
root mass, leaf chlorosis and necrosis and bleaching of tissue by the degradation of 
chlorophyll (McLean 1996). Contributing to the toxicity of these metabolites are 
acetyl and OH groups present in different locations on the different metabolites 
(McCormick 2009).   
 In animals fed contaminated grain, symptoms include vomiting and diarrhea, 
feed refusal, hemorrhaging in the digestive system and contact dermatitis 
(Goswami and Kistler 2004, McCormick, Alexander et al. 2013). DON has been 
shown to increase expression of microRNAs in macrophage cell lines.  These 
microRNAs were complimentary to ribosomal protein sequences which was 
speculated to be another method of inhibiting translation (He, Zhou et al. 2012).   
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 In plants, DON has shown to have many toxic effects in addition to inhibition 
of protein synthesis.  In barley leaf tissue high concentrations of DON caused the 
loss of chlorophyll and carotenoid pigments leading to bleaching of the tissues. At 
lower concentrations chlorophyll pigments were not affected but senescence of leaf 
tissue was delayed, likely due to the inhibition of protein synthesis (Bushnell, 
Perkins-Veazie et al. 2010).  DON in wheat stem tissue has been shown to induce 
hydrogen peroxide production within 6 hours (Desmond, Manners et al. 2008).  The 
effects of DON on plant and animal cells are complex and other effects include 
changes to the cell cycle, changes in membrane permeability, disrupted 
mitochondria function and others (Pestka 2007, Pestka 2010, Sobrova, Adam et al. 
2010, Arunachalam and Doohan 2013).   
Deoxynivalenol and plant disease 
Seedling Disease 
 In order to determine the effects of deoxynivalenol production on plant 
disease, a Δtri5 mutant was developed that did not produce measureable amounts of 
DON (Proctor, Hohn et al. 1995).  Seedling virulence assays were completed on 
maize, oats, rye and wheat.  In these studies, maize seed germination and seedling 
height were decreased in seedlings inoculated with the wild type or the DON non-
producing mutant. In oat seeds the wild type isolate decreased germination to a 
greater extent than the mutant isolate did.  In rye, both seed germination and 
seedling height were decreased by infection with both isolates but symptoms were 
more severe when DON was produced.   Out of three wheat cultivars that were 
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tested, only one was significantly impacted in seed germination by the wild type in 
comparison to the mutant isolate.  For all three wheat cultivars, seedlings infected 
with the wild type isolate were stunted compared to those infected with the mutant 
isolate or the control plants (Proctor, Hohn et al. 1995).   
 In another study using the same wild type and knockout isolates, researchers 
investigated the effects of these fungi on emergence, seedling survival, root rot 
incidence and severity in varieties of wheat, barley and triticale (Wang, Hwang et 
al. 2006).  These experiments showed that regardless of DON production there was 
a high level of root rot incidence.  However, the disease severity was low, leading 
them to conclude that this would not greatly impact yields of crops with root rot.  
Seedling emergence and survival was generally significantly lower in treatments 
inoculated with the wild-type fungus that was capable of producing DON.  
Ear and Scab diseases 
 Many studies on the impact of deoxynivalenol on infection of wheat heads 
and several on maize ears have been conducted.  A study on maize by Harris et al. 
(1999) utilized the Δtri5 mutant generated by Proctor et al. (1995) in field studies on 
susceptible maize inbreds.  The DON-producing F. graminearum wild-type 
decreased yield more than the DON non-producing mutant following silk channel 
inoculation (Harris, Desjardins et al. 1999).  Disease severity differed for the two 
maize inbreds studied.  Additionally, the DON-producing isolate produced higher 
fungal biomass than the non-producing isolate for one of the inbreds, according to 
qPCR analysis.  Another study by Maier et al. (2006) used 3 different isolates of F. 
graminearum and the corresponding DON non-producing mutants.  This study 
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included one F. graminearum isolate that produced NIV instead of DON. They 
concluded that disease severity of maize ear rot was not affected by DON 
production.  However, nivalenol did have an effect with the NIV-producing wild-
type isolate causing more severe disease severity than the corresponding mutant  
(Maier, Miedaner et al. 2006).   
 Research done by Mesterházy (2002) utilized 25 wheat genotypes and 4 F. 
graminearum isolates to determine if deoxynivalenol production varied by wheat 
genotype.  He found a close relationship between aggressiveness of the isolate and 
DON production during wheat infection with higher DON production resulting in 
increased aggressiveness of the isolate.  Additionally, it was found that the amount 
of DON produced by an isolate was affected by the wheat genotype with more 
susceptible genotypes eliciting higher levels of DON production than resistant 
genotypes.  Work done by Jansen et al. (2005) used GFP-labeled wild-type and DON 
non-producing isolates to observe how DON affected colonization and progression of 
the pathogen through the wheat and barley spikes.  They showed that DON is not 
required for F. graminearum to enter through the fruit coats of either species.  
However, in wheat, DON non-producing mutants were unable to cross the rachis 
node tissue, inhibiting colonization of adjacent spikelets.  In barley, both the wild-
type and the DON non-producing isolates were unable to grow through the rachis 
node (Jansen, von Wettstein et al. 2005).  Work done by Maier et al. (2006) showed 
that head scab symptoms on wheat were affected by DON and NIV production, 
while on barley DON and NIV were not required for disease symptoms.  Another 
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experiment utilizing a F. graminearum isolate that constitutively expressed a red 
fluorescent protein and a green fluorescent protein linked to the promoter for the 
DON biosynthesis pathway allowed visualization of mycelial growth and to observe 
where DON was being produced.  They observed that DON genes were induced very 
early during spikelet infection and the highest amount of DON production was in 
the rachis node, supporting the idea that DON is necessary for the fungus to grow 
through the rachis node and infect other spikelets (Ilgen, Hadeler et al. 2009).   
Fusarium verticillioides 
 Fusarium verticillioides (Sacc.) Nirenberg (teleomorph Gibberella 
moniliformis) is a fungal pathogen of maize. It is widely distributed around the 
world and can be isolated from many non-host plants.  Unlike F. graminearum, F. 
verticillioides is heterothallic and requires two opposite mating types for sexual 
reproduction. Fusarium verticillioides can produce perithecia but they are rarely 
found in fields so their importance in the life cycle is uncertain (Munkvold 2003).  
Microconidia and macroconidia are produced on plant debris, but microconidia are 
much more abundant.  On maize, F. verticillioides can cause Fusarium ear rot, stalk 
rot, seedling disease and systemic infections.  The fungus also produces fumonisin 
(FUM) mycotoxins, which contaminate food and animal feed and can lead diseases 
in animals and in humans.  Many fumonisin mycotoxins have been identified but F. 
verticillioides produces mainly FB1, FB2 and FB3 (Nelson, Desjardins et al. 1993).  
In the United States the widespread adoption of genetically modified, Bt expressing 
maize hybrids has dramatically decreased the occurrence of Fusarium ear rot and 
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lowered fumonisin contamination in grain.  This suggests that damage by 
lepidopteran insects on maize ears greatly contributes to F. verticillioides incidence 
(Munkvold, Hellmich et al. 1997, Munkvold, McGee et al. 1997).   
Diseases in Maize 
 Fusarium ear rot occurs on random kernels or groups of kernels and has a 
white to pink appearance (Munkvold 2003).  Kernel infestation can lead to 
dangerous amounts of fumonisin mycotoxins contaminating the grain.  Maize seeds 
can be colonized by F. verticillioides but show no symptoms of disease or infection 
can produce subtle starburst symptoms caused by the fungus growing in the 
pericarp of the kernel (Duncan and Howard 2009). This has been of particular 
interest since detectable levels on fumonisin can be found in grain that does not 
appear infected although it is present in lower concentrations than in symptomatic 
kernels (Desjardins, Plattner et al. 1998).   
 Fusarium stalk rot can be caused by several different species, with the 
predominant species being F. verticillioides, and more commonly impacts areas that 
are warm and dry (White 1999).  Incidence of stalk rot increases when maize is 
stressed and can cause lodging of the stalks (Kommedahl and Windels 1981). 
 To study systemic infection of maize plants, a green fluorescent protein 
expressing isolate of F. verticillioides was tracked using microscopy, confirming that 
hyphae are restricted to intercellular spaces and that there is minimal hyphal 
growth in tissues of symptomless, systemically infected plants (Oren, Ezrati et al. 
2003).  Seedling disease caused by F. verticillioides has been a somewhat 
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controversial topic when considering the impact of planting infected seed.  
Historically it had been shown that while F. verticillioides can be isolated from most 
maize seed samples, seedling disease caused by planting infected seed has been 
variable (Foley 1962, Kommedahl and Windels 1981).  More recent work into the 
effects of planting inoculated or field infected seed has shown that while the fungus 
is capable of colonizing the crown of the seedling it does not invade higher sections 
of the plant until flowering (Munkvold and Carlton 1997, Wilke, Bronson et al. 
2007).  In order for seedling blight to develop from infected seed, a combination of 
environmental factors and susceptibility of the maize genotype are needed to 
observe symptoms.   
Fumonisin Biosynthesis 
 The fumonisin biosynthetic genes are located in a cluster containing 15 
genes. Fum1 codes for a polyketide synthase enzyme which catalyzes the initial 
steps in the biosynthetic pathway.  Fum1 condenses 9 acetates and 2 methyl groups 
into a linear 18-carbon polyketide (Proctor, Desjardins et al. 1999, Proctor, Brown et 
al. 2003).  The 18-carbon backbone is then modified by most of the remaining genes 
in the cluster although a few genes are redundant.  Three cytochrome 450 
monooxygenases (Fum6, Fum15, Fum2), a dehydrogenase (Fum7), an oxoamine 
synthase (Fum8), a dioxygenase (Fum9), a reductase (Fum13) and two fatty acyl-
CoA synthases (Fum10, Fum16) complete the remaining steps in the biosynthesis 
(Proctor, Brown et al. 2003, Brown, Cheung et al. 2005).  Fum21 precedes the Fum1 
gene and encodes a Zn(II)2Cys6 zinc finger DNA-binding protein which acts as a 
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transcription factor for the cluster (Brown, Butchko et al. 2007).  Several abiotic 
factors that affect the production of fumonisins have been identified including 
temperature, water availability and pH.  At least 13 genes outside the fumonisin 
cluster can impact the regulation of fumonisin production (Picot, Barreau et al. 
2010, Malapi-Wight, Smith et al. 2013, Montis, Pasquali et al. 2013, Brown, 
Busman et al. 2014).   
Fumonisin Toxicity 
 The structure of FB1 is very similar to sphinganine and the structural 
similarity causes much of the toxicity of fumonisins (Wang, Norred et al. 1991).  In 
cells, sphinganine is converted by the enzyme ceramide synthase into ceramide.  
When fumonisin B1 is present it competes with sphinganine for binding of ceramide 
synthase leading to a buildup of free sphinganine in cells (Marasas 1995, McLean 
1996, Marasas, Riley et al. 2004).  Normally, ceramide is further converted into 
sphingolipids resulting in a lack of sphingolipids in fumonisin-affected cells.  
Sphingolipids function as important signaling molecules within cells that regulate 
cellular processes critical to cell survival (Munkvold and Desjardins 1997, Marasas, 
Riley et al. 2004, Voss, Smith et al. 2007, Smith 2012).   
 Epidemiological studies have linked esophageal cancer in humans to 
exposure to fumonisins from consuming contaminated maize, particularly in South 
Africa and China (Sydenham, Thiel et al. 1990, Chu and Li 1994).  High incidence of 
neural tube defects in babies born in areas where high fumonisin levels have been 
found.  Studies in rats and mice have shown that FB1 exposure dramatically 
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decreased folic acid uptake likely due to disrupted sphingolipids affecting the folic 
acid transporter.  Folate deficiency is a risk factor for neural tube defects (Marasas, 
Riley et al. 2004, Stockmann-Juvala and Savolainen 2008).  Animal consumption of 
contaminated grain results in several diseases depending on the species of animal, 
with the liver and kidneys being the main organs where FB1 accumulates (Voss, 
Smith et al. 2007, Stockmann-Juvala and Savolainen 2008, Gelderblom and 
Marasas 2012).  However, in horses leukoencephalomalacia is a neurological 
condition that results from necrosis and liquefaction of white matter in the brain.  
This disease is characterized by decreased feed intake, blindness and hysteria.  
Decreased feed intake is caused by paralysis of the lips and tongue.  Affected horses 
become uncoordinated, have profuse sweating, mania, circling, and convulsions.  
Horses usually progress through the symptoms and die within four to twelve hours 
(Marasas, Kellerman et al. 1988, Kellerman, Marasas et al. 1990).  In pigs, 
pulmonary edema results from ingesting FB1 contaminated grain.  Symptoms 
include respiratory distress, cyanosis, pulmonary edema and hydrothorax (Voss, 
Smith et al. 2007).  Acute liver injury, heart problems and immune system changes 
have all be observed as a result of consuming contaminated grain (Stockmann-
Juvala and Savolainen 2008).  
Fumonisins and Plant Disease 
 Fumonisins have been shown to be phytotoxic.  In maize seedlings increasing 
concentrations of fumonisin FB1 significantly inhibited growth of emerging radicles 
in two different maize varieties (Doehlert, Knutson et al. 1994).  The effect of 
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fumonisins on F. verticillioides infection in maize ear rot was investigated by 
Desjardins et al. (2002).  The experiment utilized a Δfum1 knockout isolate detailed 
in Proctor et al. (1999).  Fumonisin producing and non-producing isolates were both 
capable of causing moderate ear rot symptoms in field trials and severity did not 
differ between fumonisin-producing and non-producing isolates (Desjardins, 
Munkvold et al. 2002).   
 The role of fumonisins in seedling disease of maize is less clear.  Several 
studies done with the sweet maize hybrid Silver Queen showed that when 
fumonisin was produced by F. verticillioides, seedling symptoms were significantly 
more severe.  Symptoms included stunting, necrotic leaf lesions, abnormal leaf 
development and decreased root growth (Williams, Glenn et al. 2006, Williams, 
Glenn et al. 2007).  Only stunting and decreased root mass were present in plants 
inoculated with the FUM non-producing isolates while necrotic leaf lesions and 
abnormal leaf development were observed in plants infected with the fumonisin 
producing isolates (Williams, Glenn et al. 2007).  Further work by Glenn et al. 
(2008) using more fungal isolates and maize genotypes supported previous findings 
that seedling disease on sweet maize was more severe when isolates are capable of 
producing FB1. However, when dent maize varieties B73 and P3223 were screened 
only mild leaf bleaching and slight stunting were observed (Glenn, Zitomer et al. 
2008).   
 The previous work on seedling disease was completed using a fungal isolate 
from banana that was unable to produce fumonisin due to a lack of the Fum cluster.  
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It was determined in 2011 that this cryptic species from banana was not F. 
verticillioides, but a closely related species Fusarium musae (Van Hove, Waalwijk et 
al. 2011).  Fusarium musae can be crossed with Fusarium verticillioides and the 
resulting progeny were used for work done by Willams et al. (2007) and Glenn et al. 
(2008). Further work with these isolates revealed that there were other 
abnormalities in addition to the lack of the fumonisin cluster.  Several of the crosses 
were unable to produce conidia, which limited the ability of this isolate to colonize 
plant tissue (Baldwin, Zitomer et al. 2014). An isolate that was able to produce 
fumonisin but unable to produce conidia was used to evaluate the movement of FB1 
through maize seedling tissue. The aconidiation isolate was only able to colonize the 
roots and unable to colonize upper portions of the plant, ensuring that the 
movement of FB1 in the plant is not a result of fungal colonization.   Sweet maize 
plants inoculated with this isolate developed leaf lesions even though the fungus 
was unable to colonize aerial parts of the plant, the authors suggested that 
fumonisin was transported up the plant into the leaves. When plants were watered 
with a solution of FB1 the leaves did not accumulate any fumonisin suggesting that 
the fungus must colonize at least the root tissue in order for fumonisin to be found 
in the leaves (Baldwin, Zitomer et al. 2014).   However, the results of this same 
experiment using B73 and W23 maize genotypes did not result in any fumonisin in 
the leaf tissues.  All of these studies tend to suggest that sweet maize is much more 
susceptible to colonization by Fusarium verticillioides and that fumonisin plays a 
role in the severity of seedling symptoms.  However, all of these studies utilize a 
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fungal isolate that was later reclassified as a different species.  It is unknown if 
differences other than the ability to produce fumonisins affect these crosses of 
Fusarium verticillioides and Fusarium musae, supported by the fact that some of 
the crosses were unable to produce conidia and the reason for that is unknown.   
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CHAPTER II. 
FUMONISIN EFFECTS ON SEEDLING DISEASE IN MAIZE 
Abstract 
 Fusarium verticillioides is a mycotoxin-producing fungal pathogen of maize 
that can cause serious yield losses and reductions in grain quality. F. verticillioides 
causes Fusarium ear rot, stalk rot, systemic infection and seedling disease, and 
produces fumonisins, which can cause serious diseases in animals and humans 
when contaminated grain is consumed.  Fumonisins are phytotoxic and are 
suspected of having a role in seedling disease, though evidence has been conflicting.  
To assess the role of fumonisins in seedling disease, wild-type and FUM non-
producing mutants were used to inoculate seeds of sweet and dent maize in rolled-
towel experiments. Plant weights and shoot lengths were measured at 7 days. 
Additionally, infection levels were compared by quantifying fungal biomass present 
in plant tissue between the different isolates using qPCR.  Results did not indicate 
consistent effects of fumonisins on maize seedling disease.  In hybrid dent maize, 
shoot length and plant weight were reduced by only two out of ten isolates tested 
regardless of fumonisin production.  Fungal biomass was significantly higher in root 
tissues than mesocotyl tissues in hybrid maize but there were not consistent 
differences in fungal biomass when comparing fumonisin-producing isolates to non-
producing isolates.  In sweet maize there were no significant differences in plant 
weight or shoot length between plants inoculated with fumonisin-producing and 
non-producing isolates.  All isolates were significantly different from the control for 
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both plant weight and shoot length.  Fungal biomass quantification in sweet maize 
was highly variable and fumonisin-producing strains did not consistently colonize 
the plant tissue to a greater extent than non-producing strains. 
 
Introduction 
 Fusarium verticillioides (Sacc.) Nirenberg (teleomorph Gibberella 
moniliformis) is an ascomycete fungus that causes ear and stalk rot, seedling 
disease and systemic infection of maize (Foley 1962, Kommedahl and Windels 1981, 
Murillo, Cavallarin et al. 1999, White 1999).   In addition to causing disease, F. 
verticillioides produces fumonisins, a class of mycotoxins, which can contaminate 
food and animal feed leading to diseases in animals, including humans.  The 
toxicity of fumonisins is due to the similarity of the structure of fumonisins to 
sphinganine (Marasas, Riley et al. 2004).  In cells fumonisins bind to ceramide 
synthase, inhibiting its ability to bind sphinganine which disrupts sphingolipid 
metabolism (Marasas, Riley et al. 2004, Williams, Glenn et al. 2007).  Sphingolipids 
function as important signaling molecules within cells that regulate cellular 
processes critical to cell survival (Munkvold and Desjardins 1997, Marasas, Riley et 
al. 2004, Voss, Smith et al. 2007, Smith 2012).   
 Biosynthesis of fumonisins is regulated by a gene cluster containing 15 co-
regulated genes (Nelson, Desjardins et al. 1993, Proctor, Desjardins et al. 1999, 
Proctor, Brown et al. 2003, Desjardins and Proctor 2007).  Fum1 (previously Fum5) 
codes for the polyketide synthase enzyme that is essential for fumonisin production 
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(Proctor, Desjardins et al. 1999).  Polyketide synthase condenses nine acetates into 
an 18-carbon chain with a terminal carboxylic acid group and two methyl groups.  
This molecule is further modified by subsequent steps in the pathway (Proctor, 
Brown et al. 2003). Disruption of Fum1 results in a lack of fumonisin production.    
 In several well-characterized pathosystems, fungal mycotoxins have been 
shown to be virulence factors that increase the severity of disease when present 
(Kohmoto and Yoder 1998, Harris, Desjardins et al. 1999, Van De Wouw 2011).  The 
effects of fumonisins on maize diseases have been investigated in several studies.  
Fumonisins have been shown to be phytotoxic but their role in plant disease 
remains unclear (Rijkenberg, Coutinho et al. 1992, Nelson, Desjardins et al. 1993, 
Doehlert, Knutson et al. 1994, McLean 1996, Williams, Glenn et al. 2007). Studies 
utilizing a fumonisin non-producing mutant, a few naturally occurring FUM- 
isolates and fumonisin non-producing isolates from banana have been conducted to 
illustrate the role of fumonisins in diseases of maize caused by F. verticillioides 
(Desjardins, Munkvold et al. 2002, Glenn, Zitomer et al. 2008, Baldwin, Zitomer et 
al. 2014).   
 Desjardins et al. (2002) reported that ear rot severity did not differ following 
inoculation with fumonisin producing and non-producing isolates of F. 
verticillioides, suggesting that fumonisin production was not necessary for ear rot 
(Desjardins, Munkvold et al. 2002).  In another study, fumonisin producing isolates 
and non-producing isolates were both able to cause seedling blight and fumonisin 
production did not increase aggressiveness (Desjardins, Busman et al. 2007).  In 
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contrast, in previous work using very susceptible Silver Queen sweet maize, 
fumonisin non-producing isolates from banana were only capable of causing leaf 
lesions or stunting of maize seedlings if fumonisin production was restored by 
insertion of the Fum gene cluster.  The authors concluded that fumonisins were 
necessary for seedling disease symptoms to occur on maize (Glenn, Zitomer et al. 
2008).  Given these conflicting reports, the objective of this work was to evaluate the 
virulence on maize seedlings of different F. verticillioides isolates that either 
produce or do not produce fumonisins and to determine if the production of 
fumonisins impacts the ability of F. verticillioides to colonize maize tissue.  
 
Materials and Methods 
 An assay utilizing moistened paper towels to grow inoculated maize seedlings 
was used to evaluate the effects of fumonisin production by F. verticillioides on 
maize seedling colonization and seedling disease symptoms. Fumonisin producing 
and non-producing isolates were obtained from cooperators or generated by 
Agrobacterium-mediated transformation and were used to inoculate maize seeds.  
Effects on seedling growth were measured and tissue samples were used for 
quantitative PCR to quantify fungal biomass present in seedlings.   
Fungal Isolates   
 
 Maize seedlings were inoculated with fumonisin-producing and non-
producing isolates of Fusarium verticillioides (Table 1).  Isolate SF41 was provided 
by Dr. Won Bo Shim (Texas A&M University).  Fumonisin non-producing mutants 
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of SF41 were generated during this study. All other isolates were provided by Dr. 
Robert Proctor (USDA-ARS). Isolates were stored on silica beads at 4°C and in 20% 
glycerol at -80°C (Grivell and Jackson 1969, Leslie and A. 2006).   
DNA extractions  
 DNA was extracted from Fusarium verticillioides for generating DNA 
fragments used for Agrobacterium mediated transformation and for developing a 
standard curve for qPCR assays. F. verticillioides isolates were grown in 
carboxymethylcellulose (CMC) liquid media (15 g/L NH4NO3, 1 g/L KH2PO4, 0.5 g/L 
MgSO47H2O, 1 g/L yeast extract) on a shaker for seven days at room temperature.  
Fungal mycelia were harvested by collection on Miracloth (Millipore) and rinsed 
with sterile water.  The filter was squeezed to remove excess liquid and the mycelia 
were ground in liquid nitrogen to a fine powder or dried for 48 hours in a 
lyopholizer. The ground or lyophilized mycelium was transferred to a 1.5 mL tube. 
The tube was filled approximately 1/3 full with mycelia and suspended in 0.6 mL of 
65°C cetyltrimethylammonium bromide (CTAB) extraction buffer (1.4 M NaCl, 100 
mM Tris pH 8.0, 2% CTAB, 20 mM EDTA, 1% 2-mercaptoethanol).  The tubes were 
mixed well and incubated at 65°C for 60 minutes with occasional shaking. Cellular 
debris was removed from the DNA containing extract by adding 0.6 mL of 24:1 
chloroform/isoamyl alcohol and shaking well.  The phases were separated by 
centrifugation at 12,000 rpm for 10 minutes.  The top layer was transferred into a 
tube containing 1 mL of isopropyl alcohol and inverted several times.  Samples were 
stored in the freezer for at least 1 hour or overnight to enhance precipitation of the 
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DNA.  The DNA precipitate was collected by centrifugation at 12,000 rpm for 10 
minutes.  The resulting pellet was rinsed with 70% ethanol and centrifuged briefly 
to remove all ethanol from the pellet.  The final pellet was air dried and dissolved in 
100 µL of 8 mM NaOH.    
Fum1 Disruption 
 
 An Agrobacterium-mediated transformation method based on the protocol of 
Franzen et al. (2008) was utilized to create new fumonisin non-producing mutants.  
Fusarium verticillioides isolate SF41 was used for this work because this isolate has 
a disruption in the FvKu70 gene. The Ku70 gene codes for a non-homologous end 
joining mechanism.  Disruption of this gene leads to increased frequency of 
homologous end joining which increases the likelihood that subsequent genetic 
modifications will occur at the desired location in the genome and not ectopically 
(Choi and Shim 2008).   
 To construct the disruption vector, two homologous recombination sites 
(HRS) in the Fum1 gene were identified. These sequences are separated by about 
1500 bases of the Fum1 gene that were replaced with the hygromycin B resistance 
gene by homologous recombination with the insertion vector.  Each HRS was just 
over 1000 bases long. Primers were designed using AmplifX v.1.7.0 (Nicolas Jullien 
; CNRS, Aix-Marseille Université - http://crn2m.univ-mrs.fr/pub/amplifx-dist) to 
amplify both HRS sequences and 5’ overhangs were added to the end of each primer 
as described in Franzen et al. (2008)  and shown in Table 2. The uracil-specific 
excision reagent (USER) Friendly cloning technique from New England Biolabs was 
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used to construct the vector. PCR was performed using F. verticillioides SF41 
genomic DNA to amplify the two HRS sequences.  Each reaction consisted of 2.5 μL 
10X LongAmp taq buffer, 1 μL dNTPs (10 mM each), 1 μL LongAmp taq, 1 μL 
forward primer (10 mM), 1 μL reverse primer (10 mM), 17.5 μL PCR grade water, 1 
μL DNA with a thermocycler program of 95°C 2 min, 30 cycles of 95°C 30 sec, 55°C 
30 sec and 72°C 30 sec, followed by 72°C for 10 minutes and 4°C hold.  PCR 
products were visualized with an agarose gel for confirmation of amplification.  
 The left and right PCR products were used at the HRS sequences for the 
vector by combining 10μl left HRS sequence (12 ng/μL), 10 μL right HRS sequence 
(12 ng/μL), 8 μL linearized vector (25 ng/μL) and 1 μL USER enzyme mix.  The tube 
was incubated in a thermocycler at 37°C for 20 minutes followed by 25°C for 20 
minutes. Following the incubation 1 μL T4 DNA ligase (New England Biolabs) and 
3 μL 10X T4 buffer were added and then incubated at room temperature for 1 hour.  
The vector was transferred into E.coli JM109 competent cells by combining 50 μL 
JM109 with 10 μL of prepared vector.  Two controls were also prepared by 
combining 50 μL of JM109 cells with 10 μL of H2O and an additional reaction of 
JM109 and 4 μL of uncut vector.  All three tubes were incubated on ice for 30 
minutes followed by heat shocking the cells at 42°C for 45 seconds.  Tubes were 
immediately placed back on ice for 2 minutes before 450 μL of LB broth (10 g/L 
Bacto-tryptone, 5 g/L Bacto-yeast extract, 5 g/L NaCl) was added to each tube and 
incubated for 1 hour at 37°C with shaking at 300 rpm.  Cells were pelleted and 9/10 
of the liquid was pipetted out and cell were resuspended in remaining broth.   
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 The cell concentrate was spread on LB + 25 μg/mL kanamycin A (LB+kan) 
agar and incubated overnight at 37°C.  Colonies were picked with a sterile tip and 
streaked onto LB+kan agar.  The colonies were also used for colony PCR to ensure 
the vector contained the correct HRS sequences and the hygromycin resistance 
cassette.   Primer set pRF-HU2F and RF1 and set pRF-HU2R and RF-2 were used 
to amplify from the vector across the HRS into the hygromycin sequence.  The 
reactions contained 0.5 μL forward primer (10 μm), 0.5 μL reverse primer, 0.5 μL 
dNTPs (10 mM each), 2 μL 5X LongAmp buffer, 6 μL H2O, 0.5 μL LongAmp taq and 
a sterile pipet tip dipped into the colony to be tested and mixed into a well 
containing the PCR reaction.  Eight colonies thought to contain the correct vector 
and 2 empty vector colonies were picked for testing.  Colonies that resulted in 
positive PCR results were used to reisolate the vector.  This was done using the 
ChargeSwitch®-Pro Plasmid MiniPrep Kit (Invitrogen) following the kit protocol.   
 At the end of the protocol the resulting DNA was resuspended in PCR grade 
water to prevent arching during electroporation.  Cells (50 μL) of Agrobacterium 
tumefaciens EHA105 (Iowa State University, Center for Plant Transformation) were 
thawed on ice.  The thawed cells and 1 μL of isolated vector were added to an 
electroporation cuvette and electroporated at 2.5 kV, 25 mF capacitance and 200 W 
resistance.  The cuvette was removed and 1 mL YEP media (10 g/L yeast extract, 10 
g/L peptone, 5 g/L NaCl) was added.  Cells were incubated at 28°C for 1.5 hours at 
350 rpm.  The cells were grown on 2 YEP plates, one containing 50 μg/mL 
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kanamycin and the other 10 μg/mL rifampicin.  These plates were incubated for 2-3 
days at 28°C.   
 Successfully transformed A. tumefaciens that grew on the antibiotic-amended 
YEP were used to inoculate 10 ml of YEP broth + 50 μg/ml kanamycin and 
incubated at 28°C and 100 rpm until they have reach an optical density600 of 0.3-0.7.  
Sterile black filter papers (AGF220 80 mm filters) were placed onto IMAS media (40 
mM 2-(N-morpholino) ethanesulfonic acid pH 5.3, 10 mM glucose, 0.5% glycerol, 1X 
salt solution (3.625 g/L KH2PO4, 5.125 g/L K2HPO4, 0.375 g/L NaCl, 1.25 g/L 
MgSO47H2O, 0.165 g/L CaCl22H2O, 0.0062 g/L FeSO47H2O, 1.25 g/L (NH4)2SO4) 
and 200 μM acetosyringone) so that no air bubbles were present between the filter 
and the media.  A F. verticillioides spore suspension (2x106 spores/mL) was mixed 
with the A. tumefaciens culture at 1:1 and 200 μL of the mixture was spread evenly 
onto the filter paper on the IMAS medium.  Petri dishes were incubated at 28°C in 
the dark.  After 3 days the filters were carefully removed from the IMAS medium 
and transferred to DFM medium (20% glucose, 50 mM asparagine, 0.21 M MgSO4, 
1.2 M KH2PO4, 0.7 M KCl, 1 mL/L trace elements (40 mg/L Na2B4O7, 400 mg/L 
CuSO45H2O, 1.2 g/L FeSO47H2O, 700 mg/L MnSO4H2O, 800 mg/L 
NaMoO22H2O, 10 g/L ZnSO47H2O)) supplemented with 150 μg/mL hygromycin 
and 300 μg/mL cefoxatamine.  DFM cultures were incubated for 5 days at 25°C.  
The filters were then transferred to fresh DFM medium supplemented with 150 
μg/mL hygromycin and incubated for 5 more days.  Finally, filters were removed 
and visible colonies were transferred to DFM medium containing 100 μg/mL 
  
35 
hygromycin.  Fungal colonies were screened to verify the Fum1 gene was 
interrupted with the hygromycin resistance gene.   
 PCR was performed on genomic DNA extracted from transformed fungal 
colonies.  Primers left check F and left hygro check were designed to amplify a 1397 
base pair sequence from outside the left HRS sequence into the hygromycin 
sequence.  Primers right hygro check and right check R were used to amplify a 1408 
base pair sequence from outside the right HRS sequence into the hygromycin 
sequence.  Additionally, primers hygro F and hygro R were used to verify that the 
hygromycin sequence was present, approximately 2000 bases long.  Finally, FUM 
CF and FUM CR primers were used to verify a 200 base pair that the Fum1 region 
that would be present in wild-type or ectopically transformed isolates was not 
present in successfully transformed isolates.  
Maize Seed and Seed Preparation 
 Silver Queen sweet maize seeds were obtained from Johnny’s Selected Seed, 
Albion, ME.  Susceptible dent maize hybrid 31P77 (Dupont Pioneer, Johnston, IA) 
was selected based on previous work by Arias et al. (2012) that identified its 
sensitivity to fumonisins.  All maize seeds were treated to minimize existing fungal 
contamination (Daniels 1983).  Seeds were soaked in 5.25% NaOCl for 5 minutes 
followed by rinsing 5 times in sterile water.  Seeds were then soaked for 4 hours in 
sterile water at room temperature followed by heat treatment at 60°C for 5 minutes.  
Seeds were drained and used immediately for assays. 
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Seedling Disease Assays 
 Rolled towel assays, modified slightly from Ellis et al. (2010), were used to 
assess seedling disease caused by different isolates of Fusarium verticillioides.  
Isolates listed in Table 1 were grown on 1/3 strength potato dextrose agar (PDA) 
(6.5 g PDA (Difco)+ 7 g agar) media.  All mutant isolates were grown on 1/3 PDA 
containing 100 μg/mL hygromycin, except SF41 which was maintained on 1/3 PDA + 
100 μg/mL geneticin.  Microconidia were collected by adding 5 mL of sterile water to 
the surface of the cultures and scraping the surface with a sterile L scraper.  The 
resulting suspension was filtered through 1 layer of Micracloth (Millipore) and 
spores were counted.  Spore suspensions were adjusted to 1x106 spores/mL.  Fifty-
mL conical centrifuge tubes containing 30 mL of spore suspension and 35 heat-
treated maize seeds were placed horizontally on a shaker at 100 rpm at room 
temperature for 48 hours.  Spore suspensions were drained off and seeds were used 
immediately for rolled towel experiments.   
 Three rolled towels, each containing 10 seeds, were prepared for each fungal 
isolate.  Two layers of 30 x 60 cm germination paper (Anchor Paper Company) were 
moistened with water and 10 seeds were arranged across the sheet approximately 8 
cm from the top edge of the paper.  A third moistened towel was placed over the top 
of the seeds and the bottom 2.5 cm of each towel was folded up.  The towels were 
then rolled up loosely and stood upright in a clear autoclave bag inside a 20 L 
bucket.  Towels containing seeds soaked in spore suspensions of different isolates 
were placed in separate bags to eliminate cross contamination.  During incubation, 
a clear plastic bag was placed loosely over each of the buckets to maintain high 
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humidity.  Buckets were incubated at room temperature (approx. 22°C) under 
ambient light conditions in the lab.   
 After 7 days the towels were unrolled and the seedlings were measured.  
Whole plant weight and shoot lengths were recorded and mesocotyl and root 
samples were excised from the first 3 plants in each towel. The samples from each 
roll were combined into a 1.5 mL centrifuge tube, keeping the roots and mesocotyl 
samples in different tubes. These samples were used for DNA extraction using the 
same method as for fungal DNA extraction. DNA samples were quantified with a 
NanoDrop 1000 (Thermo Scientific) and diluted with PCR-grade water to 50 ng/μL. 
qPCR was performed to quantify fungal biomass present in the plant tissue. 
Experiments were conducted three times.   
qPCR Assay 
 To quantify the fungal colonization of plant tissue samples, a quantitative 
real-time PCR method was developed to assess fungal biomass.  The ITS2 sequence 
of the fungal ribosome was targeted. Primers VER ITS F (5’-
AAATCGCGTTCCCCAAATTGA) and VER ITS R (5’-
CGCGACGATTACCAGTAACGAG) were designed to amplify 84 bases of the F. 
verticillioides rRNA region.  To determine the most dissimilar region that would 
make primers more specific to F. verticillioides, ITS sequences for several closely 
related Fusarium species were obtained from NCBI.  Mega5 Beta #6.1 was used to 
generate an alignment of the ITS sequences.  Areas with higher variability between 
species were targeted for primer sequences with emphasis placed on keeping the 
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target sequence between 75-150 bases long. Primers were tested against several 
additional species of Fusarium to determine the specificity.  
 Data from the specificity challenge of these primers is presented in Table 3.  
The equation for the line of the standard curve generated with VER ITS F and VER 
ITS R is Y=-3.437x +21.674 and the efficiency is 95.4% (Figure 1A).  A standard 
curve was run along with all samples to verify the accuracy and efficiency of the 
reactions.  
 A SYBR® green assay (12.5 μL 2X SYBR green master mix, 0.75 μl forward 
and reverse primer (10 μM each) 10μL PCR-grade water and 1 μL DNA sample) was 
tested using an 8-fold serial dilution of F. verticillioides isolate M3125 DNA with 
three replicates of each to create a standard curve.  All reactions were run on a 
StepOnePlus® System (Life Technologies) with a thermocycler program of 95°C 
minutes, 40 cycles of 95°C 10 seconds and 60°C 30 seconds followed by a melt curve 
from 60-95°C. To quantify fungal biomass in infected plant tissue the SYBR® green 
assay was run including a 5 dilution standard curve starting with 50 ng/μL F. 
verticillioides DNA, run in triplicate.  Values of fungal biomass in the plant tissue 
were calculated by multiplying the quantity of fungal DNA, based on the Ct and the 
standard curve, by 1000 to convert to picograms.  This value was divided by the 
amount of total nanograms of DNA added to the qPCR reaction to obtain the ratio of 
fungal DNA to total DNA used.  This value was divided by the total quantity of 
DNA extracted from the sample as determined by NanoDrop.  Finally, the resulting 
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value was divided by the weight of the plant sample from which the DNA was 
extracted from resulting in a value of picograms fungal DNA/ gram plant tissue.      
 A standard curve was generated with each experiment to verify the efficiency 
of all reactions.  Runs that resulted in an efficiency greater than 110% or lower than 
90% were omitted and all samples were rerun.  A melt curve was run on all 
experiments to ensure that a single melt peak was present at approximately 79°C.  
Any samples resulting in multiple melt peaks or with peaks outside the range of 
78°C-80°C were omitted.   
Data analysis 
 To determine if multiple replicates of experiments could be combined, 
Levene’s test for homogeneity was used.  In order to determine differences between 
treatments with different fungal isolates, analysis of variance was preformed using 
the general linear model (PROC GLM) of SAS (SAS Institute Inc., Cary, NC).  
Means were compared between treatments within a single plant hybrid by least 
square means (LSMEANS).  P-value differences of individual treatments were 
compared (PDIFF).   
 
Results 
Agrobacterium-mediated transformation 
 The transformation of isolate SF41 to disrupt the Fum1 gene resulted in 20 
colonies that were hygromycin B resistant.  Five isolates that grew well on a 
medium containing a higher antibiotic concentration were selected for DNA 
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extraction and PCR confirmation of the Fum1 disruption. The Fum1 gene was 
amplified only in the wild-type isolate; none of the transformants had an intact 
Fum1 gene.  Additionally, the hygromycin B gene and amplicons that cover the 
flanking region into the hygromycin B gene were only found in the 3 mutant 
isolates (FvKO#2, FvKO#6 and FvKO#7).  Amplification from the flanking regions 
into the hygromycin B gene is only possible if the disruption vector is located in the 
Fum1 gene (Figure 1).   
Hybrid dent maize  
 Plant weights and shoot lengths did not differ significantly between plants of 
hybrid 31P77 inoculated with fumonisin-producing or non-producing isolates of F. 
verticillioides (Figure 2).  Comparisons were only made within wild-type/mutant 
pairs.  None of the isolates significantly reduced shoot length compared to the 
controls.  The only significant differences in plant weight (Fig. 2A) were between 
wild-type SF41 and FvKO#6 (p=0.0207) and FvKO#7 (p=0.0320).  The fumonisin 
non-producing mutants reduced plant weight more than the fumonisin producing 
wild-type isolate. The only significant difference detected in shoot length was 
between wild-type SF41 and FvKO#6 (p=0.0360) with the FvKO#6 significantly 
reducing shoot length more than the wild-type did (Fig. 2B).  
 There were no significant differences among F. verticillioides isolates for 
fungal biomass quantification in the mesocotyl samples. There was a significantly 
more fungal biomass present in the roots than in the mesocotyl tissues (p=0.0003) 
(Figure 4).  There was a significantly less fungal biomass present in roots infected 
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with mutant isolates FvKO#6 (p=0.0106) and FvKO#7 (p=0.0104) when compared to 
the wild-type isolate SF41 (Figure 4B). 
Sweet Maize 
 Similar to the results with hybrid dent maize, in sweet maize hybrid Silver 
Queen there were no significant differences in plant weight (Figure 5A) or shoot 
length (Figure 5B) between fumonisin-producing and non-producing isolates. All 
isolates were significantly different from the non-inoculated control for both plant 
weight and shoot length. In contrast to the results for dent maize, no significant 
difference was detected between fungal biomass quantification for the radicle and 
mesocotyl tissues (p=0.8689) (Figure 6). Although means varied substantially 
among the isolates for biomass quantification of the roots and the mesocotyl, 
variability among the samples was high, leading to insignificant p-values for all 
comparisons except one; in mesocotyl tissue, biomass of wild-type M3125 was 
significantly higher than the control (p=0.0235) (Figure 6B).   
 
Discussion 
 
 Fumonisin producing and non-producing isolates did not cause consistent 
reductions in shoot length or plant weight and no leaf lesions or abnormalities were 
observed in any of the treatments in dent or sweet maize.  In hybrid 31P77 there 
were fumonisin non-producing mutants that had significantly decreased plant 
weight or shoot length (SF41 and mutants FvKO#6, FvKO#7) but had less fungal 
biomass present in the maize tissues sampled than the fumonisin producing SF41 
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isolate.  These results do not support an important role of fumonisins in increasing 
colonization of plant tissues.    
 In this study, we utilized fungal biomass quantification as a means to assess 
the extent of fungal colonization of seedling tissues.  There was no consistent effect 
of fumonisin production on the ability of the isolates to colonize the different plant 
tissues (Figures 4 and 6). Although the ITS2 primers that we used to estimate 
fungal biomass could also amplify F. proliferatum (Table 3), this was not a concern 
for their use in this work as the maize seed used was heat treated to kill other 
pathogens that might be present.  These primers would not be useful for field 
samples that may contain possible F. proliferatum as well as F. verticillioides.   
 Previous research on the role of fumonisin in seedling disease presented 
evidence that the ability of F. verticillioides to produce fumonisin was necessary for 
seedling symptoms in Silver Queen sweet maize (Glenn, Zitomer et al. 2008).  
However, in that study, only plant height and the presence of leaf lesions or leaf 
abnormalities were assessed.  These symptoms can be attributed directly to the 
phytotoxicity of fumonisins and may not be related to the ability of the fungus to 
colonize the plant and cause disease.  Similar leaf symptoms were observed in 
plants treated with a fumonisin solution and not infected with the fungus 
(Williams, Glenn et al. 2007).   
 In all of the different experiments that were completed for this work, 
including preliminary experiments not presented here, evidence of seedling disease 
caused by Fusarium verticillioides was not readily apparent.  Previously, studies 
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have supported F. verticillioides (previously F. moniliforme) as a cause of maize 
seedling disease (Futrell and Kilgore 1969, Djakamihardja, Scott et al. 1970). Other 
studies have found that while symptoms do occur as a result of infection with F. 
verticillioides, symptomless infection may also be observed.  In the symptomless 
plants, F. verticillioides could be cultured for up to 12 weeks after germination and 
with the same frequency as diseased seedlings (Bacon and Hinton 1996).   This 
fungus is very easily isolated from most maize seeds so it is possible that cultures of 
maize seedlings would result in identifying F. verticillioides leading to the 
conclusion that it commonly causes seedling disease.  It is possible that interactions 
with other pathogens or environmental factors can affect the degree to which F. 
verticillioides causes disease in the field.  Additionally, work done by Wilke et al. 
(2007) found that symptomless seedling infection occurred across three different 
temperatures.  Seedling disease as a result of F. verticillioides infection is possible 
but more work needs to be done to determine what environmental factors and 
possible interactions may affect this disease in the field.   
 Since almost all naturally occurring isolates of this fungus produce 
fumonisins it is likely that there is an advantage or benefit to its production.  
Previous work has shown that fumonisins are not required for Fusarium ear rot and 
this work suggests that fumonisins are not required for seedling disease so the 
benefit to the fungus producing fumonisins remains unclear.  But if it is not to 
increase the pathogen’s virulence then what role does fumonisin production serve?  
Studies have suggested that the production of fumonisins can give the fungus a 
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competitive advantage when competing against other fungi for colonization of maize 
tissues (Keyser, Vismer et al. 1999, Desjardins, Busman et al. 2007).  Studies done 
in maize seedlings showed that a fumonisin-producing isolate of F. verticillioides 
was able to partially displace a fumonisin non-producing isolate but the fumonisin 
non-producing isolate was not able to displace the fumonisin producing isolate 
(Desjardins, Busman et al. 2007).   
 
 
Literature Cited 
 
Arias, S. L., M. G. Theumer, V. S. Mary and H. R. Rubinstein (2012). "Fumonisins: 
Probable Role as Effectors in the Complex Interaction of Susceptible and Resistant 
Maize Hybrids and Fusarium Verticillioides." Journal Agriculture and Food 
Chemistry 60(22): 5667-5675. 
Bacon, C. W. and D. M. Hinton (1996). "Symptomless Endophytic Colonization of 
Maize by Fusarium Moniliforme." Canadian Journal of Botany 74(8): 1195-1202. 
Baldwin, T. T., N. C. Zitomer, T. R. Mitchell, A. M. Zimeri, C. W. Bacon, R. T. Riley 
and A. E. Glenn (2014). "Maize Seedling Blight Induced by Fusarium Verticillioides: 
Accumulation of Fumonisin B(1) in Leaves without Colonization of the Leaves." 
Journal of Agriculture and Food Chemistry 62(9): 2118-2125. 
Choi, Y. E. and W. B. Shim (2008). "Enhanced Homologous Recombination in 
Fusarium Verticillioides by Disruption of Fvku70, a Gene Required for a Non-
Homologous End Joining Mechanism." The Plant Pathology Journal 24(1): 1-7. 
Daniels, B. A. (1983). "Elimination of Fusarium from Corn Seed." Plant Disease 
67(6): 609-611. 
Desjardins, A. E., M. Busman, M. Muhitch and R. H. Proctor (2007). 
"Complementary Host–Pathogen Genetic Analyses of the Role of Fumonisins in the 
Zea Mays–Gibberella Moniliformis Interaction." Physiological and Molecular Plant 
Pathology 70(4-6): 149-160. 
Desjardins, A. E., G. P. Munkvold, R. D. Plattner and R. H. Proctor (2002). "Fum1--
a Gene Required for Fumonisin Biosynthesis but Not for Maize Ear Rot and Ear 
  
45 
Infection by Gibberella Moniliformis in Field Tests." Molecular Plant Microbe 
Interactions 15(11): 1157-1164. 
Desjardins, A. E., G. P. Munkvold, R. D. Plattner and R. H. Proctor (2002). "Fum1—
a Gene Required for Fumonisin Biosynthesis but Not for Maize Ear Rot and Ear 
Infection by Gibberella Moniliformis in Field Tests." Molecular Plant-Microbe 
Interactions 15(11): 1157-1164. 
Desjardins, A. E. and R. H. Proctor (2007). "Molecular Biology of Fusarium 
Mycotoxins." International Journal of Food Microbiology 119(1-2): 47-50. 
Djakamihardja, S., G. E. Scott and M. C. Futrell (1970). "Seedling Reaction of 
Inbreds and Single Crosses of Maize to Fusarium Moniliforme." Plant Disease 
Reporter 54(4): 307-310. 
Doehlert, D. C., C. A. Knutson and R. F. Vesonder (1994). "Phytotoxic Effects of 
Fumonisin B-1 on Maize Seedling Growth." Mycopathologia 127(2): 117-121. 
Ellis, M. L., K. D. Broders, P. A. Paul and A. E. Dorrance (2010). "Infection of 
Soybean Seed by Fusarium Graminearum and Effect of Seed Treatments on 
Disease under Controlled Conditions." Plant Disease 95(4): 401-407. 
Foley, D. (1962). "Systemic Infection of Corn by Fusarium Moniliforme." 
Phytopathology 52(9): 870-872. 
Frandsen, R. J., J. Andersson, M. Kristensen and H. Giese (2008). "Efficient Four 
Fragment Cloning for the Construction of Vectors for Targeted Gene Replacement 
in Filamentous Fungi." BMC Molecular Biology 9(1): 70. 
Futrell, M. C. and M. Kilgore (1969). "Poor Stands of Corn and Reduction of Root 
Growth Caused by Fusarium Moniliforme." Plant Disease Reporter 53(3): 213-215. 
Glenn, A. E., N. C. Zitomer, A. M. Zimeri, L. D. Williams, R. T. Riley and R. H. 
Proctor (2008). "Transformation-Mediated Complementation of a Fum Gene Cluster 
Deletion in Fusarium Verticillioides Restores Both Fumonisin Production and 
Pathogenicity on Maize Seedlings." Molecular Plant Microbe Interactions 21(1): 87-
97. 
Grivell, A. R. and J. F. Jackson (1969). "Microbial Culture Preservation with Silica 
Gel." Journal of General Microbiology 58: 423-425. 
Harris, L. J., A. E. Desjardins, R. D. Plattner, P. Nicholson, G. Butler, J. C. Young, 
G. Weston, R. H. Proctor and T. M. Hohn (1999). "Possible Role of Trichothecene 
Mycotoxins in Virulence of Fusarium Graminearum on Maize." Plant Disease 
83(10): 954-960. 
  
46 
Keyser, Z., H. F. Vismer, J. A. Klaasen, P. W. Snijman and W. F. O. Marasas (1999). 
"The Antifungal Effect of Fumonisin B-1 on Fusarium and Other Fungal Species." 
South African Journal of Science 95(10): 455-458. 
Kohmoto, K. and O. Yoder (1998). Molecular Genetics of Host-Specific Toxins in 
Plant Disease: Proceedings of the 3rd Tottori International Symposium on Host-
Specific Toxins, Daisen, Tottori, Japan, August 24-29, 1997, Springer Science & 
Business Media. 
Kommedahl, T. and C. Windels (1981). Root-, Stalk-, and Ear-Infecting Fusarium 
Species on Corn in the USA. Fusarium: Diseases, Biology and Taxonomy. P. E. 
Nelson, T. A. Toussoun and R. J. Cook, The Pennsylvania State University Press. 
Leslie, J. F. and S. B. A. (2006). The Fusarium Laboratory Manual, Blackwell 
Publishing. 
Marasas, W. F., R. T. Riley, K. A. Hendricks, V. L. Stevens, T. W. Sadler, J. 
Gelineau-van Waes, S. A. Missmer, J. Cabrera, O. Torres, W. C. Gelderblom, J. 
Allegood, C. Martinez, J. Maddox, J. D. Miller, L. Starr, M. C. Sullards, A. V. 
Roman, K. A. Voss, E. Wang and A. H. Merrill, Jr. (2004). "Fumonisins Disrupt 
Sphingolipid Metabolism, Folate Transport, and Neural Tube Development in 
Embryo Culture and in Vivo: A Potential Risk Factor for Human Neural Tube 
Defects among Populations Consuming Fumonisin-Contaminated Maize." Journal 
Nutrition 134(4): 711-716. 
McLean, M. (1996). "The Phytotoxicity of Fusarium Metabolites: An Update since 
1989." Mycopathologia 133(3): 163-179. 
Munkvold, G. P. and A. E. Desjardins (1997). "Fumonisins in Maize: Can We 
Reduce Their Occurrence?" Plant Disease 81(6): 556-565. 
Murillo, I., L. Cavallarin and B. San Segundo (1999). "Cytology of Infection of Maize 
Seedlings by Fusarium Moniliforme and Immunolocalization of the Pathogenesis-
Related Prms Protein." Phytopathology 89(9): 737-747. 
Nelson, P. E., A. E. Desjardins and R. D. Plattner (1993). "Fumonisins, Mycotoxins 
Produced by Fusarium Species: Biology, Chemistry, and Significance." Annual 
Review of Phytopathology 31(1): 233-252. 
Proctor, R. H., D. W. Brown, R. D. Plattner and A. E. Desjardins (2003). "Co-
Expression of 15 Contiguous Genes Delineates a Fumonisin Biosynthetic Gene 
Cluster in Gibberella Moniliformis." Fungal Genetics and Biology 38(2): 237-249. 
Proctor, R. H., A. E. Desjardins, R. D. Plattner and T. M. Hohn (1999). "A 
Polyketide Synthase Gene Required for Biosynthesis of Fumonisin Mycotoxins in 
  
47 
Gibberella Fujikuroi Mating Population A." Fungal Genetics and Biology 27(1): 100-
112. 
Proctor, R. H., R. D. Plattner, A. E. Desjardins, M. Busman and R. A. Butchko 
(2006). "Fumonisin Production in the Maize Pathogen Fusarium Verticillioides: 
Genetic Basis of Naturally Occurring Chemical Variation." Journal of Agriculture 
and Food Chemistry 54(6): 2424-2430. 
Rijkenberg, F. H. J., T. A. Coutinho and M. A. J. Van Asch (1992). "Phytotoxicity of 
Fumonisin B 1, Moniliformin, and T-2 Toxin to Corn Callus Cultures." 
Phytopathology 82(11): 1330-1332. 
Smith, G. W. (2012). Fumonisins. Veterinary Toxicology. R. C. Gupta, Elsevier: 
1205-1219. 
Van De Wouw, A. P. (2011). "Fungal Pathogenicity Genes in the Age of ‘Omics’." 
Molecular plant pathology 12(5): 507. 
Voss, K. A., G. W. Smith and W. M. Haschek (2007). "Fumonisins: Toxicokinetics, 
Mechanism of Action and Toxicity." Animal Feed Science and Technology 137(3-4): 
299-325. 
White, D. G., Ed. (1999). Compendium of Corn Diseases, APS Press. 
Wilke, A. L., C. R. Bronson, A. Tomas and G. P. Munkvold (2007). "Seed 
Transmission of Fusarium Verticillioides in Maize Plants Grown under Three 
Different Temperature Regimes." Plant Disease 91(9): 1109-1115. 
Williams, L. D., A. E. Glenn, A. M. Zimeri, C. W. Bacon, M. A. Smith and R. T. Riley 
(2007). "Fumonisin Disruption of Ceramide Biosynthesis in Maize Roots and the 
Effects on Plant Development and Fusarium Verticillioides-Induced Seedling 
Disease." Journal of Agriculture and Food Chemistry 55(8): 2937-2946. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
48 
Tables and Figures 
 
Table 1. Fusarium verticillioides isolates used, their FUM phenotype, location of 
mutations if present and wild-type strains mutant isolates were generated from.  
 
Isolate 
name 
Generated 
From 
Fumonisin 
Phenotype 
Mutation location Reference 
M3125 Wild-type FUM + - Proctor et al. (1999) 
GfA2364 M3125 FUM -  Fum1  Proctor et al. (1999) 
SF41 
FvKO#2 
FvKO#6 
FvKO#7 
M3125 
SF41 
SF41 
SF41 
FUM + 
FUM- 
FUM- 
FUM- 
- 
Fum1 
Fum1 
Fum1 
Choi Y.E. et al (2008) 
This work 
This work 
This work 
57-7-7 Wild-type FUM -  Fum1 Proctor et al. (2006) 
GfA2630 57-7-7 FUM + - Proctor et al. (2006) 
109-R-7 Wild-type Only FB2 + Non-functional Fum12 Desjardins et al. (2002) 
9569 109-R-7 FUM -  Fum1 Desjardins et al. (2002) 
 
 
Table 2. Primers used for Agrobacterium mediated transformation and verification 
of resulting colonies by standard PCR.  The bold sections of the first four primers 
are the 5’ overhangs added to the end of each primer as described in Franzen et al. 
(2008). 
 
Primer Name Sequence 5’-3’ 
Left Forward GGTCTTAAUTGACGCCGCCCAAGCAA 
Left Reverse GGCATTAAUCAGAGTCTCCAATAACAC 
Right Forward GGACTTAAUGGCTCTAGAGAACCGCA 
Right Reverse GGGTTTAAUCGTGTATACTGCTGATTG 
pRF-HU2F  GGATGTGCTGCAAGGCGATTAAGTTG 
RF-1 AAATTTTGTGCTCACCGCCTGGAC 
pRF-HU2R CGCCAATATATCCTGTCAAACACTG 
RF-2 TCTCCTTGCATGCACCATTCCTTG 
left check F GGAGGAGTGGAGAGATGATCTCC 
left hygro check TATCCACGCCCTCCTACATCGA 
right hygro check TCGATGATGCAGCTTGGG 
right check R AGTCTGGAACTTGCTCCTTGAT 
hygro F ATTCCGGAAGTGCTTGACATTG 
hygro R 
FUM CF 
FUM CR 
ATCACGCCATGTAGTGTATTG 
ACTGGTTCAAAGCAGGTGT 
CGTCATTGAGGACCTGGTGAT 
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Table 3. Specificity of VER IT F and VER ITS R primers against four Fusarium 
species and different isolates of F. verticillioides.   
 
Species Amplification 
F. graminearum - 
F. oxysporum  - 
F. proliferatum + 
F. verticillioides 115 + 
F. verticillioides 48 + 
F. verticillioides M3125 + 
 
 
 
 
         
Figure 1. PCR amplification of wild-type (SF41) and mutants (FvKO#6 and 
FvKO#7) generated by Agrobaterium-mediated transformation.  For all three 
isolates: amplification of Fum1 (Lane A) was negative, hygromycin resistance (Lane 
B), Fum1 + hygro (Lane C) and Fum1 +hygro opposite end (Lane D) were all 
positive.  Fum1 +hygro regions amplify a region of the remaining Fum1 sequence 
and the hygromycin resistance sequence disrupting Fum1.  Isolate SF41 was 
positive for Fum1 (Lane A) and negative for hygromycin (Lane B).  DNA ladders are 
shown in the first lane with left side numbers representing base pair marker sizes. 
Results for FvKO#2 (not pictured) were identical to FvKO#6 and #7. 
 
 
 
B C D A B C D A B A 
FvKO#6 FvKO#7 SF41 
2000 
1500 
1000 
100 
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Figure 2.  Standard curve generated by qPCR amplification of F. verticillioides DNA 
with VER IT F and VER ITS R primers (A).  The equation of the fit line is y=-3.437x 
+21.674 and the efficiency is 95.4%.  The melt curve obtained when running 
samples and standards both result in a peak at approximately 79°C (B).   
 
  
Figure 3.  Plant Weight (A) and Shoot Length (B) of maize hybrid 31P77 inoculated 
with fumonisin producing and non-producing isolates of F. verticillioides in 
comparison to the mock-inoculated control.  Comparisons were only made between 
wild-type/mutant pairs with significant differences noted with letters.  
A B 
B A 
B A 
A 
B 
A 
B B 
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Figure 4.  DNA quantification of root (A) and mesocotyl (B) samples from maize 
hybrid 31P77 inoculated with fumonisin producing and non-producing isolates of F. 
verticillioides compared to mock inoculated controls. Comparisons were only made 
between wild-type/mutant pairs. 
 
 
   
Figure 5. Plant weight (A) and Shoot length (B) of Silver Queen sweet maize 
inoculated with four F. verticillioides wild-type/mutant pairs in comparison with a 
mock-inoculated control. Comparisons were only made between wild-type/mutant 
pairs.  
 
B A 
B A 
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Figure 6. Fungal biomass quantification of the roots (A) and mesocotyl (B) samples 
of Silver Queen sweet maize inoculated with four F. verticillioides wild-type mutant 
pairs in comparison with a mock-inoculated control.  Comparisons were only made 
between wild-type/mutant pairs. 
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CHAPTER III. 
ROLE OF DEOXYNIVALENOL IN SEEDLING DISEASES OF MAIZE, 
SOYBEANS AND WHEAT 
 
Abstract 
Fusarium graminearum is a fungal pathogen that can infect cereals and other crops 
at various stages of development, causing serious yield losses and reductions in 
grain quality.   F. graminearum produces deoxynivalenol (DON), a mycotoxin that 
can act as a virulence factor for Gibberella ear rot in maize and head blight of 
wheat. Previous research into the role of DON in seedling diseases has been 
conflicting.  To assess the role of DON in seedling disease, wild-type and DON non-
producing mutants were used to inoculate maize, wheat and soybean seeds in rolled 
towel experiments. Plant weights, shoot lengths and disease severity (soybean only) 
were measured at 7 days. Additionally, infection levels of maize seedlings were 
compared by quantifying fungal biomass present in plant tissue inoculated with the 
two fungal isolates using qPCR.  Results differed among the cultivars for all crop 
species. In soybean, only the susceptible cultivar demonstrated a significant 
difference in plant weight and weight between plants inoculated with the wild-type 
and the DON non-producing mutant. In the more resistant variety the DON-
producing isolate did not cause more severe symptoms compared to the DON non-
producing mutant.  In wheat, the wild type, but not the mutant, caused reductions 
in weight and length in the susceptible variety. In the resistant wheat variety, 
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infection with either isolate resulted in decreased plant weight; shoot and root 
length were unaffected. In maize, the wild type and the mutant decreased shoot 
length and plant weight. In one susceptible maize hybrid the wild-type caused 
greater effects than the DON non-producing mutant. Fungal biomass in all three 
hybrids showed increased colonization of the plant tissue when DON was produced 
by the wild-type.  Results indicate that DON production is not required for 
pathogenicity in seedlings, but the wild-type isolate generally produced greater 
symptoms and there are interactions between host genotype and DON effects.  
 
Introduction 
 Fusarium graminearum Schwabe (teleomorph Gibberella zeae [Schw.] Petch) 
is an ascomycete fungus that is well known as the causal agent of Fusarium head 
blight (FHB) (also known as head scab) on small grains and ear rot of maize.  F. 
graminearum and several other closely related Fusarium species are responsible for 
causing FHB in many regions of the world (Osborne and Stein 2007).  Fusarium 
graminearum spores and mycelium overwinter in plant debris present on or in the 
soil and serve as inoculum in the spring (Sutton 1982).  Perithecia and sporodochia 
form on infested debris and produce ascospores and macroconidia, respectively; both 
spore types contribute to disease during the growing season (Parry, Jenkinson et al. 
1995, Munkvold 2003, Osborne and Stein 2007, Trail 2009).  The fungus also can be 
seedborne, leading to seedling infection.   
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 In addition to causing losses in yield, F. graminearum produces several 
harmful mycotoxins.  Deoxynivalenol (DON) has been intensely studied due to its 
ability to cause diseases in animals when contaminated grain is consumed 
(Goswami and Kistler 2004, Pestka 2007, Pestka 2010, Sobrova, Adam et al. 2010, 
Arunachalam and Doohan 2013).  Deoxynivalenol biosynthesis is encoded by a 
cluster of genes and 4 additional genes located outside the cluster.  The Tri5 gene 
codes for trichodiene synthase which converts farnesyl pyrophosphate into 
trichodiene in the first step of biosynthesis (Brown, Dyer et al. 2004, Desjardins and 
Proctor 2007, Alexander, Proctor et al. 2009).  Disruption of the Tri5 gene inhibits 
the production of DON(Proctor, Hohn et al. 1995). The main transcription factor 
that regulates DON production is Tri6.  This gene sits outside of the cluster and 
disruption of Tri6 also inhibits production of DON (Seong, Pasquali et al. 2009).   
 In addition to causing diseases in animals, DON plays a role in plant disease 
development.  The role DON plays in scab of wheat has been thoroughly described.  
Jansen et al. (2005) showed that DON production by F. graminearum was required 
for the fungus to spread from floret to floret through the rachis nodes.  Mutants 
with disrupted Tri5 function caused only limited infection because the fungus was 
unable to spread from inoculated florets to adjacent kernels.  In barley heads, DON 
production did not affect the ability of the fungus to spread as even when DON is 
produced the fungus is unable to spread through the rachis and into neighboring 
kernels (Jansen, von Wettstein et al. 2005).  Additional work supported the 
importance of the rachis tissue.  GFP expression linked to DON production showed 
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that the rachis strongly induced the production of deoxynivalenol by F. 
graminearum in wheat plants (Ilgen, Hadeler et al. 2009).   
 The impact of deoxynivalenol production on maize ear rot is less clear.  Field 
trials with inoculation of maize ears inoculated with DON-producing and non-
producing isolates have produced contradictory results (Harris, Desjardins et al. 
1999).  Trials for this study were conducted in Ontario, Canada, and Illinois.   In 
trials conducted in Ontario, inoculation with DON-producing isolates of F. 
graminearum resulted in greater yield loss and increased fungal biomass compared 
to inoculation with a DON non-producing mutant.  In Illinois field trials, there was 
no difference in yield due to DON production by F. graminearum and results of 
fungal biomass quantification were mixed.  The conclusion was that DON is not 
essential for maize ear rot but generally increases the virulence of F. graminearum 
(Harris, Desjardins et al. 1999).  In contrast, in work reported by Maier et al. 
(2006), DON did not have an effect on virulence on maize; however, nivalenol (NIV) 
did.  In this study, a NIV-producing F. graminearum isolate was used for gene 
disruption of Tri5, which inhibited NIV production of the mutant.  
 Studies on the effects of deoxynivalenol production on seedling disease have 
yielded mixed results.  Work done by Proctor et al. (1995) led to the development of 
the first Tri5 mutants that were unable to produce DON. These mutants were 
compared to the wild-type isolate in their ability to inhibit seedling emergence and 
growth in seedlings of maize, wheat, rye and oats.  Maize emergence was not 
affected by either the DON producing or the non-producing isolates but both 
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isolates reduced seedling height compared to the control.  Oat seedling emergence 
was decreased by the DON producing isolate but not by the non-producing isolate; 
seedling height was not affected by either isolate.  Rye seedlings showed decreased 
seedling emergence and reduced seedling height when infected with the DON-
producing isolate but not the DON non-producing mutant.  In wheat, the effects of 
DON differed among cultivars.  Generally, decreased germination and seedling 
height were observed in all infected plants but when DON was produced the effects 
were increased (Proctor, Hohn et al. 1995).  In Fusarium culmorum, a closely 
related species, inoculation of durum wheat seedlings with a DON non-producing, 
Tri6 silenced isolate, decreased disease severity by 40-80% compared to the wild-
type isolate (Scherm, Orru et al. 2011).  
 Fusarium graminearum infection of soybean was first reported in 2004 (Pioli, 
Mozzoni et al. 2004).  Individual strains of F. graminearum have been shown to 
cause seedling disease of both maize and soybean (Xue, Cober et al. 2007, Ellis, 
Broders et al. 2010).  Recently, work comparing different isolates of F. graminearum 
with disrupted virulence factors on wheat, including DON, were evaluated for 
disease severity on soybean seedlings.  Soybean seedling disease severity was lower 
following inoculation with a DON non-producing Δtri5 mutant, compared to 
inoculation with the DON producing wild-type, suggesting that DON is a virulence 
factor in seedling disease of soybean (Sella, Gazzetti et al. 2014).   
 Although several studies have been conducted to investigate the effects of 
deoxynivalenol on different hosts, the effect on seedling disease remain unclear.  
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The objectives of this work were to determine if the production of deoxynivalenol by 
F. graminearum affects the aggressiveness and pathogenicity of this fungus on 
seedlings of wheat, soybeans and maize and to determine if the production of DON 
increased the ability of F. graminearum to colonize maize seedling tissue.  
 
Materials and Methods 
  
 Maize, wheat and soybean varieties were used to assess seedling disease 
symptoms after inoculation with wild-type and deoxynivalenol non-producing 
mutants compared to mock-inoculated controls. Two assays (a rolled towel assay 
and an assay on inoculated growth medium) were used to grow infected plants. 
Disease measurements were taken in experiments with all three hosts; in maize 
experiments, samples were collected for DNA extraction and quantitative PCR to 
determine the amount of fungal mycelia present in the plant samples.   
Fungal isolates 
 
 Fusarium graminearum isolate PH1, isolated from maize in Michigan, was 
used as one of the wild-type strains for this work.  A Δtri6 mutant was created 
previously from PH1 in Dr. Kistler’s lab at the University of Minnesota (Seong, 
Pasquali et al. 2009).  Dr. Kistler provided the wild-type (PH1) and Δtri6 deletion 
mutant for this work.  Additionally, wild-type isolate Z3639 and the Δtri5 mutant 
isolate GZ3R1 were also used. Wild-type Z3639 was isolated from scabby wheat in 
Kansas. The development of Δtri5 deletion mutant GZ3R1 is described by Proctor et 
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al. (1995) .  Dr. Proctor provided the wild-type and Δtri5 deletion mutant for this 
work.   
Seeds and Seed Preparation 
 
 Wheat varieties 25R32 and 25R78 were provided by DuPont Pioneer 
(Johnston, IA).  Varieties were selected based upon rating for partial resistance to 
wheat head scab.  Soft red winter wheat variety 25R32 was selected to be the 
resistant variety for our trials based on a head scab rating of 7 on a scale of 1-9 
where 1 is very susceptible and 9 is very resistant.  Soft red winter wheat variety 
25R78 was selected as the susceptible variety with a head scab rating of 3.  Soybean 
varieties Sloan and Conrad were provided for this work by Dr. Anne Dorrance, Ohio 
State University.  Conrad was previously shown to have partial resistance to F. 
graminearum and Sloan is very susceptible (Ellis, Wang et al. 2012).   
 Maize hybrids 31P77, P0912HR and P1395XR were provided by DuPont 
Pioneer (Johnston, IA).  Hybrid 31P77 was selected as a susceptible hybrid based on 
work done by Arias et al. (2012). Hybrid P0912HR is rated as susceptible to 
Fusarium ear rot.  Hybrid P1395XR is rated as moderately resistant to Fusarium 
ear rot and susceptible to Gibberella ear rot.  
 All seeds were treated to minimize or eliminate fungi already present on or in 
the seed (Daniels 1983).  For maize, seeds were soaked in 5.25% NaOCl for 5 
minutes followed by rinsing 5 times in sterile water.  Seeds were then soaked for 4 
hours in sterile water at room temperature followed by heat treatment with 60°C 
water for 5 minutes.  Seeds were then drained and used immediately for assays.  
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For wheat, seeds were treated with 5.25% NaOCl for 5 minutes and rinsed 5 times 
with sterile water before use.  Soybean seeds were treated with 5.25% NaOCl for 1 
minute followed by gentle rinsing with sterile water 3 times.   
Seedling Disease Assays  
 
 To assess seedling disease symptoms a rolled towel method was used, 
modified slightly from Ellis et al. (2010) .  A spore suspension of 1x105 spores/mL 
was made by adding 5 mL of sterile water to the surface of 1-week-old cultures on 
potato dextrose agar and a sterile L-scraper was used to dislodge the spores.  The 
resulting suspension was filtered through two layers of sterile cheesecloth to remove 
mycelia. Ten sterilized seeds were laid out across the two moist layers of 30 x 60 cm 
germination paper (Anchor Paper Company).  The seeds were arranged across the 
sheet approximately 8 cm from the top edge of the paper. One hundred μL of spore 
suspension was pipetted directly onto the surface of each seed.  A third moistened 
sheet was placed over the top of the seeds and the bottom 2.5 cm of each towel was 
folded up.  Towels were loosely rolled and stood upright in 20-liter buckets. Towels 
inoculated with different fungal isolates were kept in separate buckets.  Three 
replicates of each hybrid/fungal strain combination were made.  All maize rolled 
towel experiments were run for 7 days at 25°C with 16 hour light in plant growth 
chambers.  Seven days after planting the shoot lengths and fresh plant weights 
were recorded.  From the first 3 plants in every roll, a 2-cm section of mesocotyl 
tissue was excised and surface-disinfested with 10% bleach (5.25% NaOCl) for 30 
seconds.  All three mesocotyl samples from each roll were pooled into a single 
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sample and lyophilized for 48 hours prior to grinding for DNA extraction.  The 
hybrid maize experiment was conducted three times.  
 Wheat and soybean experiments were established as described for maize, 
except the temperature was 18°C.  After 7 days wheat shoot lengths and plant 
weights were measured.  On soybeans, lesions size (if present), plant length and 
plant weights were measured.  Finally a severity rating was given based on a 5-
point scale. The most severe disease was rated as 5 when 100% of the seedlings 
were colonized or seeds were ungerminated. A rating of 4 represented a seedling 
that had germinated but was very stunted, lacking root development, discolored and 
possibly had lesions.  A rating of 3 was assigned to seedlings that had some root 
growth but no secondary root growth; the seedlings were roughly 50% long as 
healthy seedlings and had lesions.  A rating of 2 was given to seedlings that were 
roughly 75% the length of healthy seedlings, had mild lesions and very little 
secondary root growth.  Finally, 100% healthy plants were assigned a 1 (Figure 3D). 
Wheat and soybean experiments were conducted three times.   
 In order to characterize the effects of F. graminearum and deoxynivalenol 
production on maize seedling roots an experiment was conducted using petri cups 
containing media.  Dilute potato dextrose agar was made with 1 g/L PDA media (BD 
Difco) and 8 g/L of agar. Approximately 80 mL of prepared media was poured into 
individual, sterile 330 mL plant tissue cups (Greneir Bio-One). Cups were 
inoculated with a spore suspension and incubated for 7 days.  Isolates PH1, Δtri6, 
GZ3639 and GZ3R1 were used in addition to a mock-inoculated control. Surface-
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disinfested and heat treated hybrid 31P77 maize seeds (5 per cup) were then placed 
on the colonized agar surface in individual cups using aseptic technique.  Cups were 
closed and incubated at 25°C with 16 hour light for 7 days.  Tweezers were used to 
gently remove the seedlings from the medium, taking care to not damage the roots.  
Shoot lengths and whole plant weights were measured.  
Root Scanning and Analysis 
 Roots were kept hydrated in water so they could be scanned using an Epson 
flatbed scanner and the images were analyzed using WinRhizo 2008 software 
(Regent Instruments Inc., Quebec, Canada).  Root volume, length, surface area, root 
diameter, forks and tips were quantified.  This experiment was conducted twice.  
Color analysis to determine the percentage of healthy root length was done by 
assigning color classes for healthy and diseased root tissue.   
qPCR assay 
 
 To quantify the fungal colonization of maize tissue samples a quantitative 
real-time PCR method was developed to assess fungal biomass.  The internal 
transcribed spacer (ITS) region and the 28S ribosomal subunit of the fungal 
ribosome was targeted. Primers FG ITS F (5’-GAGCTGCAGTCCTGCTGCACTC) 
and FG ITS R3 (5’-TCCTACCTGATCCGAGGTCAACA) were designed to amplify a 
146 base pair sequence of the F. graminearum rRNA region.  To determine the most 
dissimilar region that would make primers more specific to F. graminearum, ITS 
sequences for several closely related Fusarium species were obtained from NCBI.  
Mega5 Beta #6.1 was used to generate an alignment of the ITS sequences.  Areas 
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with higher variability between species were targeted for primer sequences with 
emphasis placed on keeping the target sequence between 75-150 bases long. 
Primers were tested against several additional species of Fusarium to determine 
the specificity.  
 A SYBR® green assay (12.5 μL 2X SYBR green master mix, 1 μL forward and 
reverse primer (10 μM each) 8.5 μL PCR-grade water and 1 μL DNA sample) was 
tested using an 8-fold serial dilution of F. graminearum DNA with three replicates 
of each to create a standard curve.  All reactions were run on a StepOnePlus® 
System (Life Technologies) with a thermocycler program of 95°C minutes, 40 cycles 
of 95°C 10 seconds and 60°C 30 seconds followed by a melt curve from 60-95°C.  To 
determine the specificity of the assay, DNA from seven Fusarium species that are 
closely related to F. graminearum were tested using the assay.   
 To quantify fungal biomass in infected plant tissue the SYBR® green assay 
was run including a 5-dilution standard curve starting with 50 ng/μL F. 
graminearum DNA, run in triplicate.  Values of fungal biomass in the plant tissue 
were calculated by multiplying the quantity of fungal DNA, based on the Ct and the 
standard curve, by 1000 to convert to picograms.  This value was divided by the 
amount of total nanograms of DNA added to the qPCR reaction to obtain the ratio of 
fungal DNA to total DNA used.  This value was divided by the total quantity of 
DNA extracted from the sample as determined by Nanodrop.  Finally the resulting 
value was divided by the weight of the plant sample from which the DNA was 
extracted, which results in picograms fungal DNA/ gram plant tissue.      
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Data analysis 
 To determine if multiple repetitions of experiments could be combined, 
Levene’s test for homogeneity was used.  In order to assess differences between 
treatments with different fungal isolates, analysis of variance was performed using 
the general linear model (PROC GLM) of SAS (SAS Institute Inc., Cary, NC).  
Means were compared among treatments within a single plant variety or genotype 
by least square means (LSMEANS).  P-value differences of individual treatments 
were compared (PDIFF).  Values from root scanning for forks and tips were square 
root transformed before analysis to normalize variance.   
 
Results 
Seedling Disease Assays 
Maize 
 In maize hybrid seedlings both the DON-producing wild-type and DON-
nonproducing mutant reduced shoot length and plant weight compared to the 
control treatment (Figure 1).  The wild-type isolate caused significantly greater 
reductions (p=0.0041) in shoot length than the DON-nonproducing isolate only in 
hybrid 31P77 (Figure 1A). Similarly, only hybrid 31P77 showed a significant 
decrease (p=0.0002) in plant weight between the treatments inoculated with DON-
producing and non-producing isolates (Figure 1B).  In hybrids P0912HR and 
P1395XR the wild-type and the DON- mutant both decreased shoot length and 
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plant weight when compared with the control but there was no difference between 
the DON-producing and non-producing isolates.   
 Petri cup assays were conducted on hybrid 31P77 only but included an 
additional wild-type/mutant pair (Z3639/GZ3R1).  Results for shoot length  (Figure 
2A) were similar to the rolled towel assay in that all isolates tested reduced shoot 
length in relation to the control.  Wild-type Z3639 decreased shoot length more than 
GZ3R1 (p=0.0013) but there was no difference between PH1 and Δtri6.  Plant 
weight (Figure 2B) showed similar results with all isolates having decreased plant 
weights in comparison with the control.  Wild-type Z3639 decreased plant weight 
more than G3Z3R1 (p=0.0461) but there was no difference between PH1 and Δtri6.  
Results from scanning the roots showed that for all variables assessed (total root 
length, root volume, forks and tips) (some not pictured) all F. graminearum isolates 
caused significant reductions when compared to the control (Figures 2C, D and E).  
For total root length (2D) isolate PH1 decreased length more than Δtri6 did 
(p=0.0036) but Z3639 did not differ from GZ3R1.  For the number of root tips (2E), 
Z3639 infected plants had significantly fewer root tips than plants infected with 
GZ3R1 (p=0.0438) but PH1 and Δtri6 did not differ.   
Wheat 
 The two wheat varieties varied in the development of symptoms in response 
to the production of deoxynivalenol by F. graminearum.  Neither isolate caused a 
significant reduction in shoot length of variety 25R32 (Figure 3A).  Only the wild-
type isolate caused a significant reduction (p=0.0072) in shoot length of variety 
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25R78 compared to the control.  The results were similar for the root length 
measurements  (Figure 3B). There was no significant effect on root length when 
variety 25R32 was inoculated with either isolate.  For variety 25R78, both PH1 and 
Δtri6 isolates caused significantly stunted roots (p=0.0039 and p=0.0485, 
respectively) when compared to the control.  There was no significant difference in 
root lengths between the two isolates.  Plant weights for variety 25R32 were 
significantly reduced by inoculation with PH1 and Δtri6 isolates (p=0.0249, 
p=0.0135) compared to the control.  There was no difference between the two 
isolates.  For variety 25R78, PH1 significantly decreased plant weight compared to 
the control (p=<0.0001) and the Δtri6 inoculated plants (p=0.0044).  
Soybean 
 Conrad seedlings had significantly stunted plant lengths following 
inoculation with isolate PH1 compared to the control (p=0.0004), but the DON non-
producing isolate did not reduce plant length compared to the control (p=0.9461) 
(Figure 4A). In Sloan seedlings both PH1 and Δtri6 isolates reduced plant weight 
(p=<0.0001, p=0.0003) in comparison to the control.  Additionally, there was a 
difference in plant weight between the two isolates (p=0.0297).  Only the DON-
producing PH1 isolate significantly reduced plant length (p=0.0004) in var. Conrad 
(Figure 4B).  Both PH1 and Δtri6 isolates reduced plant length (p<0.0001, p=0.0001 
respectively) compared to the control in var. Sloan; and the two isolates differed 
from each other (p=0.0067).  Disease severity was assessed on a 1-5 scale as shown 
in with a 1 representing a healthy plant and 5 representing an ungerminated and 
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dead seed (Figure 4C and 4D).  For variety Conrad, there were no significant 
differences among the treatments.  For Sloan, disease severity was increased with 
PH1 and Δtri6 isolates (p=<0.0001, p=0.0037 respectively) compared to the control.  
There was no difference in disease severity between the two isolates (p=0.2575).  
Fungal Biomass Quantification 
 To assess the ability of the isolates to colonize maize plant tissue a qPCR 
assay was developed based on the ITS and 28s ribosomal RNA sequence of F. 
graminearum.  The resulting standard curve that was developed by amplifying pure 
F. graminearum DNA is shown in Figure 5A.  The equation for the standard curve 
line is Y=-3.364x+21.464 and the efficiency=98%.  This standard curve was used to 
calculate the values of fungal DNA present plant tissue DNA extractions. This 
assay produced a very consistent melt curve analysis (Figure 5B) with only one 
peak at approximately 81.5°C. Picograms of fungal biomass present per gram of 
maize mesocotyl tissue were calculated based on the standard curve shown in 
Figure 6A.   For all three maize hybrids there was significantly more fungal 
biomass found in plants inoculated with PH1 when compared to the control and to 
plants inoculated with the Δtri6 isolate (Figure 6).  Primers used for this work were 
tested against 7 closely related Fusarium species, 1 isolate of F. verticillioides and 
two wild-type isolates used for this work. In addition to amplifying the ITS region of 
F. graminearum, F. culmorum and F. pseudograminearum were also amplified 
(Table 1).  This was not considered a problem for this work as seeds were treated to 
eliminate other pathogens and inoculated with only known isolates of F. 
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graminearum.  These primers would not be suitable for use on unknown samples 
including field samples that might be infected with more than one closely related 
Fusarium species.   
 
Discussion 
 The effects of deoxynivalenol production by Fusarium graminearum on 
seedling diseases of maize, wheat and soybean were evaluated using a wild-type 
and corresponding Δtri6 mutant isolate that did not produce DON.  The effects of 
DON differed among the plant species examined.  For maize, only hybrid 31P77 
showed significant differences in shoot length and plant weight when comparing the 
wild-type to the DON non-producing mutant.  This hybrid was selected based on its 
susceptibility as shown in previous research.  The other two hybrids selected were 
chosen by their ratings for Fusarium ear rot (caused by Fusarium verticillioides) 
with P0912HR being rated as susceptible and P1395XR rated as moderately 
resistant.  There was no rating data available for seedling disease caused by F. 
graminearum.  Hybrid P1395XR was rated as susceptible for Gibberella ear rot; 
there was no rating available for P0912HR.  The data here do not suggest that any 
of these hybrids have significant resistance to seedling disease caused by F. 
graminearum.  Overall seedlings infected with the DON producing isolate had 
greater reduction in seedling weight and shoot length but this indicates that while 
DON is not required for maize seedling disease it does increase the severity of the 
symptoms but not significantly.  This differs somewhat from the conclusions of 
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Proctor et al. (1995) who did not observed effects of DON production on maize 
seedling disease severity (emergence and seedling height). That difference is likely 
due to the maize varieties utilized for the work; our results indicate that DON 
effects on maize seedlings differs among hybrids.  If hybrid 31P77 had not been 
included in this work it is possible that we would have reached the same conclusion 
as Proctor et al (1995).   
 DON production also led to increased fungal biomass in the maize mesocotyl 
tissue for all three hybrids suggesting that DON increases the ability of the fungus 
to colonize the plant tissue (Figure 6).  This also suggests that F. graminearum is 
able to colonize seemingly healthy maize mesocotyl tissue without causing 
significant reductions in plant height or weight.  It would be interesting to see the 
impact that this would have on plants as they matured.  In F. verticillioides, it has 
been shown that systemically infected seedlings can lead to infected ears when the 
pathogen travels up the plant during flowering (Murillo-Williams and Munkvold 
2008).   
 In wheat, the resistant variety (25R32) showed a decrease in plant weight by 
both isolates when compared with the control but did not show reductions in shoot 
or root length. This suggests that variety 25R32 has some resistance to seedling 
infection by F. graminearum as it does for head scab.  Although the mechanism of 
resistance for 25R32 is unspecified, our results are consistent with a resistance 
mechanism that involves insensitivity to or detoxification of DON, which is known 
to occur with some resistant wheat varieties (Mesterházy 1995, Jansen, von 
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Wettstein et al. 2005). For the susceptible variety (25R78), the production of DON 
decreased shoot length when compared to the DON non-producing mutant.  The 
root length of variety 25R78 was decreased by both of the isolates when compared to 
the control.  Isolate PH1 also decreased plant weight more than the DON-
nonproducing isolate did.  These results tend to correspond with previous work done 
by Proctor et al. (1995) that showed that the severity of symptoms varied by wheat 
variety tested.  For all three varieties tested by Proctor et al. (1995), seedling height 
was decreased more when seedlings were infected with isolates that were capable of 
producing DON than isolates that were unable to produce DON.   
 In Conrad soybeans, only the wild-type isolate was able to cause decreased 
plant length and weights and increased disease severity.  In Sloan soybeans, which 
are very susceptible to F. graminearum, both of the isolates caused significant 
disease symptoms. Recent work by Sella et al. (2014) showed that soybean variety 
Demetrea had increased disease severity when infected with a DON producing 
isolated compared with a DON non-producing mutant.  In their work there was still 
moderate disease caused by the mutant isolate. Disease severity ratings of the 
varieties used in this work indicated that there were some symptoms present in the 
control plants of both varieties, which can likely be attributed to seed quality or 
other pathogens that were not eliminated during seed preparation.  Several samples 
of Sloan and Conrad seeds were obtained and the quality of the seed was variable.  
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Tables and Figures 
 
 
Table 1.  The specificity of primers designed to amplify F. gramienarum ITS rRNA 
were tested against 8 Fusarium species and the 2 F. graminearum wild-type 
isolates used for this work.  
 
Species Amplification 
F. armeniacum - 
F. culmorum + 
F. graminearum PH1 + 
F. graminearum Z3639 
F. langsethiae 
+ 
- 
F. poae - 
F. pseudograminearum + 
F. sambucinum - 
F. sporotrichioides 
F. verticillioides 
- 
- 
 
 
 
 
Figure 1. Shoot Length (A) and Plant Weight (B) of three maize hybrids inoculated 
with wild-type Fusarium graminearum (PH1) and a DON- mutant isolate (Δtri6) in 
comparison with a mock-inoculated control treatment. There was only a difference 
between the DON-producing and non-producing isolates in hybrid 31P77.    
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Figure 2. Seedling measurements for maize hybrid 31P77 inoculated with two DON-
producing isolates and their corresponding DON non-producing mutants compared 
to a mock-inoculated control.  Plants were grown in agar medium. Plant length (A); 
Plant weight (B); Root length (C); percent healthy root length (D); and number of 
root tips (E) were measured. Data for C, D, and E were generated by image analysis 
using WinRhizo software. Statistical comparisons were made against the control 
and within isolate pairs PH1/Δtri6 and Z3639/GZ3R1.  
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Figure 3. Seedling measurements taken from 7-day-old seedlings of wheat varieties 
25R32 and 25R78, inoculated with wild-type Fusarium graminearum (PH1) and a 
DON- mutant isolate (Δtri6) in comparison with a mock-inoculated control 
treatment. Shoot length (A); Root length (B) and Whole plant weight (C).  Within 
varieties, bars labeled with the same letter are not significantly different, according 
to LSMEANS test (α=0.05).                     
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Figure 4. Seedling measurements taken from 7-day-old seedlings of soybean 
varieties Conrad and Sloan, inoculated with wild-type Fusarium graminearum 
(PH1) and a DON- mutant isolate (Δtri6) in comparison with a mock-inoculated 
control treatment. Whole plant weights (A); whole plant lengths (B); disease 
severity (C) values based on a 1-5 scale shown (D).  Within varieties, bars labeled 
with the same letter are not significantly different, according to LSMEANS test 
(α=0.05). 
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Figure 5.   Standard curve for F. graminearum qPCR assay (A), the equation of the 
standard curve line is Y=-3.364x+21.464 and the efficiency=98%.  A melt curve was 
generated from standards and unknown samples resulting in a single peak at 
approximately 81.5°C (B). 
 
 
 
Figure 6. Quantification of F. graminearum fungal biomass in mesocotyl tissue for 
three maize hybrids inoculated with a DON producing wild-type or a DON non-
producing mutant isolate compared to mock-inoculated plants.  In all hybrids there 
was significantly more (p=0.008) fungal biomass in plants inoculated with the DON 
producing isolate compared to the mutant or mock-inoculated plants.  
A B 
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CHAPTER IV. 
TRANSCRIPT PROFILING OF B73 MAIZE IN REPSONSE TO 
COLONIZATION WITH WILD-TYPE AND TRI6 MUTANT FUSARIUM 
GRAMINEARUM 
 
Abstract 
 Very little information exists about gene expression in maize seedlings in 
response to infection with Fusarium graminearum or in response to deoxynivalenol 
(DON) production by the fungus.  To address this a microarray study was completed 
to gain insight into these transcriptional changes.  DON-producing wild-type F. 
graminearum and a DON-nonproducing Δtri6 mutant were used to infect seedlings 
of maize inbred B73.  Seedlings were sown onto minimal medium inoculated with 
the F. graminearum wild-type, the Δtri6 mutant, or mock inoculated with 
water.  Plants were grown in a growth chamber at 25°C with 16 hours light.  A 
split-plot design was used, with each of three treatments blocked by time point and 
sampled at 84, 120 and 168 hours after planting.  Samples were collected from the 
mesocotyl tissue directly adjacent to the seed.  Effects of infection on seedling 
growth characteristics were measured immediately following the final sampling 
time.  Differential gene expression was evident between the wild-type and mock 
inoculated plants and between the wild-type and Δtri6-inoculated plants at 84 and 
168 hours after planting, but few genes were differentially expressed between Δtri6 
and mock-inoculated plants. There were almost no differences in gene expression 
among the treatments at 120 hours.  The distinct subsets of genes expressed at the 
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two sampling times may represent different genes responsible for disease response 
in germinating seedlings vs. vegetatively growing plants. Possible defense response 
genes and genes involved in carbon and carbohydrate metabolism were up-
regulated, while genes involved in the phenylpropanoid pathway were suppressed, 
response to infection with the wild-type isolate compared to the mock inoculated 
plants.   Several of the genes identified corresponded to genes identified in similar 
studies with wheat and barley suggesting common mechanisms of response to 
infection.  Plant defense genes were differentially expressed in response to infection 
with the wild-type isolate compared to the Δtri6 mutant. Overall, maize inbred B73 
displayed an active defense response to infection with F. graminearum but some 
possible defense related genes were also down regulated in infected plants.  There 
were shoot and root symptoms providing evidence that this defense response did not 
completely impede infection.  Investigating the expression of genes involved in the 
interaction of F. graminearum and maize may identify targets to breed for increased 
resistance against maize seedling disease.  Defense genes were identified in 
response between the DON-producing and non-producing isolates that could also 
help identify breeding targets as plant capable of mitigating the effects of DON 
would likely be much less affected by seedling blight.     
 
Introduction 
 Fusarium graminearum Schwabe (teleomorph Gibberella zeae) is a fungal 
plant pathogen known for causing Fusarium head blight (FHB) on small grains and 
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ear rot on maize.  Fusarium graminearum spores and mycelium overwinter in plant 
debris present on or in the soil and serve as inoculum in the spring (Sutton 1982).  
Perithecia and sporodochia form on infested debris and produce ascospores and 
macroconidia, respectively; both spore types contribute to disease during the 
growing season (Parry, Jenkinson et al. 1995, Munkvold 2003, Osborne and Stein 
2007, Trail 2009).  In addition to causing losses in yield, F. graminearum produces 
several harmful mycotoxins.  The trichothecene deoxynivalenol (DON) has been 
studied due to its ability to cause diseases, mainly digestive symptoms, in animals 
when contaminated grain is consumed (Goswami and Kistler 2004, Pestka 2007, 
Pestka 2010, Sobrova, Adam et al. 2010, Arunachalam and Doohan 2013)   
 Trichothecenes inhibit protein synthesis by binding to the 60S ribosomal 
subunit and inhibiting peptidyl transferase which stops extension of the growing 
protein chain (McLean 1996, Goswami and Kistler 2004, Pestka and Smolinski 
2005, Masuda, Ishida et al. 2007, Arunachalam and Doohan 2013, Diamond, Reape 
et al. 2013). In plants, DON is phytotoxic, affecting germination, and causing 
decreased shoot and root mass, leaf discoloration, lesions and bleaching of tissue by 
the degradation of chlorophyll (McLean 1996). Genes for DON production are in a 
cluster that is regulated by the Tri6 gene, located outside the cluster.  A Δtri6 
deletion mutant was created and examined by Seong et al. (2009) and did not 
produce detectable amounts of DON or its acetylated derivatives in comparison to 
the wild-type isolate, PH1, which produced DON, 3ADON and 15ADON.  Gene 
expression analysis of the Δtri6 mutant isolate revealed that almost all 
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trichothecene genes were down regulated at least 2-fold. Additionally, many other 
genes were identified that had increased expression only in the wild-type isolate.  
Several Tri6 regulated genes were involved in isoprenoid metabolism, which is 
important for the production of trichothecenes; carbohydrate metabolism, secondary 
metabolism and ABC transporters and genes involved in virulence and defense 
(Seong, Pasquali et al. 2009).   
 Studies of how F. graminearum infects wheat have been done to determine if 
it exhibits a biotrophic or necrotrophic lifestyle. (Trail 2009, Brown, Urban et al. 
2010, Kazan, Gardiner et al. 2012).  During initial infection of wheat heads, Brown 
et al. (2010) determined that the fungus remains in the intracellular spaces before 
eventually invading cells and causing cell death leading to the conclusion that it is 
hemibiotrophic. During crown infection of wheat, a period of weeks passed when 
there is biotrophic infection with infected plants not showing any symptoms but it 
was followed by colonization and necrosis (Stephens, Gardiner et al. 2008).  F. 
graminearum can produce several different infection structures.  Subcuticular 
hyphae, bulbous infection hyphae, appressoria and infection cushions all have been 
observed during wheat head infection (Brown, Urban et al. 2010, Rittenour and 
Harris 2010, Boenisch and Schafer 2011).   There were no infection structures 
identified during infection of wheat crowns suggesting that infection structures are 
tissue specific (Stephens, Gardiner et al. 2008).  Very little information exists about 
the infection process during infection in maize or soybean. 
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 No gene expression studies have been done of maize infected with F. 
graminearum but there have been studies of wheat and barley.  In barley, Boddu et 
al. (2006) studied changes in gene expression of barley spikes from 0 to 144 hours 
after inoculation.  They identified 467 genes that were divided into two groups; 
group one contained genes that were only detected in inoculated plants.  The second 
group was made up of genes that were expressed in inoculated and mock-inoculated 
plants but had higher expression in response to infection.  They identified genes 
related to plant defense, many of which corresponded to genes identified during 
similar studies in wheat.  Chitinases, β-1-3 glucanases, peroxidases, WRKY 
transcription factors and genes for phenylpropanoid biosynthesis were among the 
genes identified and can all be linked to possible defense responses (Boddu, Cho et 
al. 2006).   Additional work by Boddu et al. (2007) evaluated gene expression 
changes in barley in response to DON production.  Using a Δtri5 mutant isolate and 
the wild-type they identified 15 genes that were differentially expressed strictly in 
response to DON production.  Forty-eight additional genes were identified as having 
a great than 4-fold change in expression between plants inoculated with the 
different isolates.  Among these two groups of DON-induced genes there were genes 
involved in trichothecene detoxification and transport, transcription factors, 
secondary metabolism and genes involved in programmed cell death (Boddu, Cho et 
al. 2007).   A study comparing resistant and susceptible varieties of wheat during 
infection with F. graminearum identified chitinases, PR-proteins, cytochrome P450 
genes and protease/proteinase inhibitors as important in response to infection.   
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 Maize inbred B73 is susceptible to infection with F. graminearum.  There is 
little information available about maize seedling response to F. graminearum 
infection.  While it is likely that DON influences this response, previous research 
has not addressed this aspect.  Therefore, we have investigated the effects of DON 
and effects related to Δtri6 disruption on maize seedling gene expression by 
comparing results for inoculation with wild-type F. graminearum and a DON non-
producing mutant.  
  
Materials and Methods 
 The transcriptional changes in maize genotype B73 seedlings infected with 
wild-type (PH1) and a Δtri6 mutant isolate of F. graminearum were examined.  A 
preliminary study using quantitative PCR was performed to monitor fungal 
biomass accumulation in inoculated seedlings and determine sampling times for 
microarray analysis. The experiment was repeated and sampled at 84, 120 and 168 
hours after planting, based on fungal DNA quantification.  These samples were 
used for RNA extraction and microarray analysis.  At each of the three time points, 
gene expression of plants infected with the wild-type and mutant isolates were 
compared to each other and to the mock-inoculated control.   
Fungal Isolates and maize seed 
 Fusarium graminearum isolate PH1, isolated from maize in Michigan, was 
used as the wild-type isolate for this work.  A Δtri6 mutant was created previously 
from PH1 in Dr. Kistler’s lab at the University of Minnesota (Seong, Pasquali et al. 
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2009).  Dr. Kistler provided the wild-type (PH1) and Δtri6 deletion mutant for this 
work.   Inoculum of these isolates was prepared by adding sterile water to the 
surface of 1-week-old fungal cultures on potato dextrose agar (PDA).  An L-spreader 
was used to gently scrape the surface of the plates to dislodge the spores.  The 
resulting suspension was filtered through 2 layers of sterile cheesecloth.  Spores 
were counted on a hemocytometer and adjusted to 105 spores/mL.  The USDA-ARS 
North Central Plant Introduction Station in Ames, IA supplied maize inbred B73 
seed used for this experiment.  Maize seed was treated with 5.25% NaOCl for 5 
minutes followed by rinsing 5 times with sterile water.  Seeds were soaked in sterile 
water for 4 hours at room temperature followed by heat treatment with 60°C water 
for 5 minutes.  Seeds were drained and immediately used for planting.   
Seedling infection assay 
 Dilute potato dextrose agar was prepared with 1 g/L PDA media (BD Difco) 
and 8 g/L of agar. Approximately 80 mL of prepared media was poured into 
individual, sterile 330 mL plant tissue cups (Greneir Bio-One). Once the media was 
solidified, 1 mL of spore suspension was pipetted and spread to cover the agar 
surface. The cups were incubated for 7 days at 22°C with 24 hour light.  Two seeds 
of maize inbred B73 were placed onto the colonized medium in each cup.  Cups were 
placed into a growth chamber at 25±0.5°C with 16 hours light.  A WatchDog® data 
logger (Spectrum Technologies) was used to verify temperature conditions 
throughout the experiments.  A preliminary experiment was conducted to 
determine appropriate time points to sample for microarray analysis.  In the 
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preliminary experiment, mesocotyl samples were collected every 12 hours for 96 
hours after planting and used for DNA extraction.  A quantitative PCR (qPCR) 
assay was used to evaluate increasing fungal biomass over time in maize seedlings.   
Experimental Design 
 A seedling infection assay was conducted to collect samples for microarray 
analysis.  There were three treatments (PH1-inoculated, Δtri6 – inoculated, and 
non-inoculated control); cups were randomly assigned to one of three groups 
representing the three sampling times (84, 120, and 168 hr after planting).  For 
each sampling time, nine cups of each treatment were sampled (one plant per cup). 
Cups with two seedlings were not re-sampled. Two samples were taken from each 
plant.  Approximately 1 cm of basal mesocotyl tissue was aseptically excised and 
placed into a 1.5 ml tube submerged in liquid nitrogen for RNA extraction.  
Mesocotyl samples from three plants were combined into one tube and three 
replicates of three plants were collected for each time point.  Samples were stored at 
-80°C until extractions were performed.  Approximately 1 cm of basal radicle tissue 
was aseptically excised and frozen for fungal biomass quantification; like the 
mesocotyl samples, radicle samples from three plants were pooled in each tube.    
 After all time point samples had been taken, 20 cups each of the control, wild-
type and Δtri6 mutant treatments were selected randomly. Both plants from each 
cup were removed for a total of 40 plants per treatment that were used for disease 
assessment.  Shoot length and radicle lengths were recorded and plants were 
weighed.  Finally, seedlings were scanned on an Epson flatbed scanner and the 
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images were analyzed using WinRhizo 2008 software (Regent Instruments Inc., 
Quebec, Canada).  Root volume, length, surface area, root diameter, forks and tips 
were quantified.  
DNA Extraction and qPCR 
 DNA was extracted from radicle tissues for fungal biomass quantification 
using a cetyltrimethylammonium bromide (CTAB) extraction method (Rogers and 
Bendich 1985).  Radicle samples were ground in liquid nitrogen and placed into 1.5 
mL tubes and added 0.6 mL of CTAB extraction buffer (1.4 M NaCl, 100 mM Tris 
pH 8.0, 2% CTAB, 20 mM EDTA, 1% 2-mercaptoethanol).  The tubes were mixed 
well and incubated at 65°C for 60 minutes. Cellular debris was removed from the 
DNA containing extract by extraction with 0.6 mL of 24:1 chloroform/isoamyl 
alcohol and shaken well.  The phases were separated by centrifugation at 12,000 
rpm for 10 minutes.  The top layer was transferred into a clean tube containing 1 
mL of isopropyl alcohol and inverted several times and placed into the freezer 
overnight.  The DNA precipitate was collected by centrifugation at 12,000 rpm for 
10 minutes.  The resulting pellet was rinsed with 70% ethanol and centrifuged 
briefly to remove all ethanol from the pellet.  The final pellet was air dried and 
dissolved in 100 μL of 8 mM NaOH.  DNA samples were quantified by spectroscopy 
with a Nanodrop 1000 and diluted with PCR grade water to 50 ng/μL.  Samples 
were stored at -20°C until needed.   
 To quantify the fungal colonization of plant tissue samples a quantitative 
real-time PCR method was developed to assess fungal biomass.  The internal 
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transcribed spacer (ITS) region and the 28S ribosomal subunit of the fungal 
ribosome was targeted. Primers FG ITS F (5’-GAGCTGCAGTCCTGCTGCACTC) 
and FG ITS R3 (5’-TCCTACCTGATCCGAGGTCAACA) were designed to amplify a 
146 base pair sequence of the F. graminearum rRNA region.  To determine the most 
dissimilar region that would make primers more specific to F. graminearum, ITS 
sequences for several closely related Fusarium species were obtained from NCBI.  
Mega5 Beta #6.1 was used to generate an alignment of the ITS sequences.  Areas 
with higher variability between species were targeted for primer sequences with 
emphasis placed on keeping the target sequence between 75-150 bases long. 
Primers were tested against several additional species of Fusarium to determine 
the specificity.  
 A SYBR® green assay (12.5 μL 2X SYBR green master mix, 1 μL forward and 
reverse primer (10 μM each) 8.5 μL PCR-grade water and 1 μL DNA sample) was 
tested using an 8-fold serial dilution of F. graminearum DNA with three replicates 
of each to create a standard curve.  All reactions were run on a StepOnePlus® 
System (Life Technologies) with a thermocycler program of 95°C minutes, 40 cycles 
of 95°C 10 seconds and 60°C 30 seconds followed by a melt curve from 60-95°C.  To 
determine the specificity of the assay, DNA from seven Fusarium species that are 
closely related to F. graminearum were run using the assay.  To quantify fungal 
biomass in infected plant tissue the SYBR® green assay was run including a 5-
dilution standard curve starting with 50 ng/μL F. graminearum DNA, run in 
triplicate.  Values of fungal biomass in the plant tissue were calculated by 
  
89 
multiplying the quantity of fungal DNA, based on the Ct and the standard curve, by 
1000 to convert to picograms.  This value was divided by the amount of total 
nanograms of DNA added to the qPCR reaction to obtain the ratio of fungal DNA to 
total DNA used.  This value was divided by the total quantity of DNA extracted 
from the sample as determined by Nanodrop.  Finally the resulting value was 
divided by the weight of the plant sample from which the DNA was extracted, which 
results in picograms fungal DNA/ gram plant tissue.      
RNA Extraction and Purification 
 RNA was extracted from mesocotyl samples using TRIzol Reagent (Life 
Technologies) according to manufacturer directions.  In short, samples were ground 
in liquid nitrogen and placed into 1.5 mL tubes. 1 mL of TRIzol solution was added 
while the sample was still frozen.  Tubes were vortexed briefly to break up the 
frozen tissue and incubated at room temperature for 5 minutes. Chloroform was 
added for phase separation and tubes were centrifuged.  The top layer of 
supernatant was transferred to a new tube and RNA was precipitated with 
isopropanol. After precipitation RNA pellets were washed with ethanol, allowed to 
dry and resuspended in 100 μL DEPC treated water.  To clean up the RNA 
extractions, the RNeasy Plant Mini Kit (Qiagen) was used along with the RNase-
free DNase Set (Qiagen).  From the RNeasy kit, 350 μL of buffer RLT was added to 
each sample followed by 250 μL of absolute ethanol and mixed by pipetting.  
Samples were transferred to RNeasy Mini spin columns and centrifuged briefly.  
The flow-through was discarded and 350 μL of buffer RW1 was added to wash the 
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membrane.  The flow-through was discarded and the membrane was treated with 
10 μL of DNase in 70 μL buffer RDD from the RNase-Free DNase Set.  Samples 
were incubated with the DNase at room temperature for 15 minutes.  350 μL of 
buffer RW1 was added, tubes were centrifuged and the flow-through was discarded.  
500 μL of buffer RPE was added and tubes were centrifuged for 2 minutes at 12,000 
rpm to wash the column.  The spin columns were placed into new collection tubes 
and centrifuged again to ensure the membrane did not contain any remaining 
buffer.  Finally the columns were placed in 1.5 mL tubes and 30 μL of Rnase-free 
water was added, tubes were centrifuged briefly to elute the RNA.  RNA samples 
were stored at -80°C until needed.  RNA samples were quantified by 
spectrophotometry using a Nanodrop 1000 (ThermoScientific) and RNA quality was 
assessed with a Bioanalyzer 2100 (Agilent Technologies).  Total RNA was diluted to 
40 μg/mL for microarray analysis. 
Microarray Analysis 
 The Affymetrix Maize/Ustilago maydis “All Genes” Genome Array v7 was 
used to compare changes in expression maize in response to F. graminearum 
infection. This array contains 116347 probe sets for maize and roughly 6000 for 
Ustilago. Only the probe sets for maize were analyzed for this work.  Iowa State 
University’s GeneChip Facility carried out all elements of cDNA synthesis, labeling 
and hybridization.  The GeneChip® WT Plus Reagent Kit (Affymetrix) was used for 
amplification and labeling of the RNA samples and the Hybridization, Wash and 
Stain Kit (Affymetrix) was used. Data were normalized by Sudhansu Dash 
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(Curator, PLEXdb) and uploaded to PLEXdb (plexdb.org) for future analysis (Dash, 
Van Hemert et al. 2012).   
Statistical Analysis 
 The limma R package (Smyth, 2005) was used to conduct linear model 
analyses of RMA-normalized  maize GeneChip data (Irizarry, Hobbs et al. 2003).  
Each probe set-specific linear model included an intercept term and fixed effects for 
treatments, times, and treatment-by-time interactions.  As part of the linear model 
analysis for each probe set, tests for differential expression between each pair of 
treatments were conducted within each sampling time, and tests for differential 
expression between each pair of sampling times were conducted within each 
treatment.  For each test, the collection of p-values across all probe sets was used to 
estimate the number of differentially expressed probe sets (Nettleton, Hwang et al. 
2006), and this estimate was then used to convert the p-values to q-values (Storey 
2002).  To control the false discovery rate at 5%, probe sets with q-values no larger 
than 0.05 were declared differentially expressed for any given comparison.  The 
parameter estimates produced by limma were used to estimate expression fold 
changes for all comparisons of treatments within times and times within treatments 
for each probe set.  
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Results 
Gene Expression 
 Maize inbred B73 displayed a pronounced response to infection with the wild-
type strain at 84 and 168 hours after planting, but little differential expression at 
120 hours.  Ideally, a time point before 84 hours would be included to observe 
expression patterns prior to important time of maize/F. graminearum interaction.  
However, there was not enough plant material germinated prior to 84 hours for 
sampling.  The response to the Δtri6 mutant was weak at all sampling times, 
consisting of only a few genes differentially expressed (Table 1). However, looking at 
the graphs (Appendix A) for expression at 120 hours, there is expression occurring, 
just not differentially between the treatments.  In almost all cases, expression of 
genes in response to the mutant fell in between results for the wild type and mock 
inoculated plants.   
 Results were analyzed using three false discovery rates (FDR): 0.05, 0.01 and 
0.001 (Supplementary Table 1).  Results for all genes identified with a FDR of 0.001 
are graphed (Appendix A) and results listed (Appendix B). Twenty-four probe sets 
from FDR 0.001 with a log2 fold-change of greater than ±2 were identified and 
annotated to determine genetic function (Table 2).  Sequences for these 24 probe 
sets were obtained from PLEXdb.  MaizeGDB (http://maizegdb.org/) was used to 
determine their location in maize genome in order to determine if any of the genes 
were clustered (Table 4).  Genes were identified by submitting sequences to 
nucleotide BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) search (Table 2).  Overall, 
changes in gene expression followed four patterns.  The pattern of expression in 
  
93 
group A contained genes that were differentially expressed at 84 hours.  By 120 
hours and 168 hours expression of these genes has dropped and expression levels in 
response to all three treatments are similar at the last 2 time points (Figure 1A).  
For group B, genes were differentially expressed between the treatments at 84 
hours and then increased expression by 120 and 168 hours.  By 120 hours there was 
not differential expression between the treatments (Figure 1B).   Genes in category 
C were not differentially expressed at 84 hours but increased in expression by 168 
hour and there was differential expression between the treatments at 168 hours 
(Figure 1C).  Finally, category D contains genes that are not differentially expressed 
at 84 or 120 hours but by 168 hour expression decreases and there are differences 
between the treatments (Figure 1D).  
 Comparisons between the wild-type and DON-mutant were made at a false 
discovery rate of 0.05 because there were very few probe sets in this category that 
met the more stringent FDR.  Forty genes were differentially expressed, with a fold-
change of ±1 between the two treatments.  However, 9 of these probe sets also 
occurred in the wild-type vs. mock analysis so these genes were eliminated from the 
list (Table 3).  
Disease symptoms and seedling colonization 
 Plants infected with the wild-type isolate had significantly shorter roots 
(p=<0.0001), shorter shoots (p=<0.0001) and decreased plant weights (0.0005) when 
compared to the control and DON- mutant treatments (Figures 3A-3C).  Roots 
image analysis demonstrated large differences in roots of plants infected with the 
  
94 
wild-type isolate compared to those infected with the Δtri6 mutant (Figure 3D-3E). 
Although only root surface area and number of root tips are presented here, all 
other parameters measured showed very similar results. The wild-type isolate root 
surface area (6.1 cm2) significantly (<0.0001) compared to the control plants (12.6 
cm2) the Δtri6-inoculated plants (13.3 cm2).  The number of root tips was also 
significantly reduced by the wild-type isolate (<0.0001) from a mean of 95.5 tips in 
the control plants to 40.9 tips per plant in the wild-type inoculated samples.  Plants 
inoculated with the Δtri6 mutant had an average of 87 root tips.  The wild-type 
isolate effectively colonized radicle tissues, according to qPCR results (Figure 3F).  
At 84 hours there was no difference in the quantity of fungal biomass among the 
treatments.  By 120 hours, the wild-type infected roots had significantly more 
fungal biomass in the tissue than the Δtri6 infected roots (p=0.0041) or the mock-
inoculated roots (p=0.0017).  There was no difference between the control and the 
Δtri6-inoculated plants (p=0.7052).  At 168 hours the wild-type inoculated roots also 
had more fungal biomass than the mock-inoculated control (p=<0.0001) or the Δtri6 
mutant (p=<0.0001) infected roots. 
 
Discussion 
  Very little prior information exists about changes in gene expression in 
maize seedlings in response to infection with Fusarium graminearum, or 
particularly about the role of DON in maize seedling response.  In this study there 
were several genes identified that can be linked to possible defense response in the 
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plant.  Germin-like proteins have been linked to disease response as well as 
Bowman-Birk type trypsin inhibitors which both had increased expression in F. 
graminearum infected plants compared to the mock-inoculated samples (Chilosi, 
Caruso et al. 2000, Patnaik and Khurana 2001).  The expression of the gene 
identified as a Bowman-Birk type trypsin inhibitor increases in expression 
compared to the control after 120 hours (Figure 1A).  Bownam-Birk type trypsin 
inhibitor protein purified from wheat inhibited mycelial growth of several different 
fungal species leading to the conclusion that they likely contribute to plant defense 
(Chilosi, Caruso et al. 2000).  Several genes involved in photosynthesis showed 
increased expression in plants infected with the wild-type F. graminearum.  In 
wheat it has also been determined that infection with DON-producing F. 
graminearum causes alterations in carbohydrate and carbon metabolism 
(Audenaert, Vanheule et al. 2013).  In both the up and down regulated genes as a 
result of F. graminearum infection there are genes involved in the Calvin cycle and 
in photosynthesis (Table 2).   
 In comparing the wild-type to the DON- mutant infected plants an 
endochitinase A gene is shown to be upregulated only in response to the fungus 
producing DON (Table 2).  This might be due to the fact that there is increased 
colonization in the plant tissues by the fungus when DON is produced leading to a 
stronger plant response.  It is unlikely that an endochitinase, an enzyme that can 
degrade chitin in fungal cell walls, would be induced by DON production.  A study 
of transcription of barley genes in response to injection with a DON solution 
  
96 
(Gardiner, Boddu et al. 2010), identified several genes that were also identified in 
this work.  Brassinosteroid insensitive 1-associated receptor kinases, WRKY 
transcription factors and receptor-like protein kinase genes were all common 
between the two studies.  Interestingly, in our study, transcripts for agmatine 
coumaroyltransferase were downregulated in plants infected with wild-type F. 
graminearum in comparison with the mock-inoculated control.  In research of F. 
graminearum infection of two near isogenic lines of wheat differing in a single locus 
for Fusarium head blight resistance (Fhb1), there was increased expression of 
agmatine coumaroyltransferase, part of the phenylpropanoid pathway, in the 
resistant line (Gunnaiah, Kushalappa et al. 2012).  The authors concluded that 
phenylpropanoid pathway induction resulted in strengthening of cell walls in 
resistant wheat rachises.  In a different study, barley plants infected with F. 
graminearum had increased expression of genes involved in tryptophan 
biosynthesis (Boddu, Cho et al. 2006) and similar results were found in wheat (Jia, 
Cho et al. 2009).  Our work did not identify any genes involved in tryptophan 
biosynthesis reflecting that some responses are specific to host species.      
 Maize plant response consisted of two distinct phases.  One group of genes 
was differentially expressed only at 84 hours; another group of genes was 
differentially expressed only at 168 hours.  At the most stringent false discovery 
rate, none of the genes identified were differentially expressed at both time points.  
It could be due to the different phases of infection of the pathogen as was found in 
wheat and barley (Boddu, Cho et al. 2006, Boddu, Cho et al. 2007, Kazan, Gardiner 
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et al. 2012).  While it is unknown whether F. graminearum infects as a biotroph or a 
necrotroph in maize seedlings, in wheat crowns there was an initial biotrophic 
phase followed by a necrotrophic phase (Stephens, Gardiner et al. 2008).  While 
there is severe root and shoot stunting of maize seedlings caused by infection by 
DON-producing F. graminearum we did not observe necrotic crown tissue in this 
assay as there is during the latter stages of wheat crown rot.  
 Plants infected with the Δtri6 mutant isolate did not differ from the mock-
inoculated plants in terms of root symptoms or fungal biomass accumulation.  
Previous work with other maize genotypes and the same Δtri6 mutant in similar 
assays resulted in decreased plant length and plant weight as well as root variables 
measured by image analysis. In those studies, the wild-type isolate produced more 
severe symptoms than the Δtri6 mutant but both isolates caused symptoms when 
compared to the control.  The reason for the different results between those 
experiments and this one is not clear, but previous researchers also have observed 
that the effects of DON production by F. graminearum on plant disease differ 
among host genotypes (Proctor, Hohn et al. 1995).  In this work, we found very few 
genes that were differentially expressed between the plants infected with the Δtri6 
mutant and the control plants.  Overall, the results indicate that the mutant had 
very little ability to infect B73.  DON may play a more important role in infection of 
maize inbred B73 than it does for maize genotypes used in previous experiments.  It 
is possible that a similar study using a maize genotype with increased infection by 
the Δtri6 mutant isolate would lead to the identification of more genes that are 
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differentially expressed between wild-type and mutant infected plants.  Analysis of 
the fungal biomass of plants infected with the mutant isolate suggests that there 
was very little colonization of the plant in comparison to the wild-type.  If there 
were increased colonization by the mutant isolate, changes in gene expression 
would likely be increased. Further work into the seedling infection mechanisms of 
F. graminearum is needed to determine modes of infection during initial and later 
stages.  Additional work with other resistant and susceptible maize genotypes 
might reveal additional genes that could be targeted for manipulation to decrease 
the impact this pathogen has on maize seedlings.   
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Tables and Figures 
 
 
 
 
 
 
 
 
         
 
 
 
 
 
 
 
 
 
  
 
Figure 1.  Normalized gene expression of genes showing increased expression in 
plants inoculated with the wild-type isolate compared to the mock inoculated 
control.  Each graph represents three sampling times (84, 120 and 168 hours) 
comparing the three different treatments (wild-type, mutant and mock).  Graphs A 
and B are genes that have higher expression in repsonse to infection with the wild-
type isoalte compared to the mock incoulated control at 168 hours.  Graphs C and D 
are genes that have higher expression in plants infected with the wild-type isoalte 
in comparison to the control at 84 hours.   
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Figure 2. Shoot length (A), root length (B) and plant weight (C) maize inbred B73 
maize inoculated with wild-type and Δtri6 isolates compared to a mock inoculated 
control.  Plants were grown in agar medium in order to get good root development 
for scanning.  Root surface area (D) and root tips (E) were analyzed with WinRhizo 
software. Analysis was only done between both isolates and the control and between 
isolate pair PH1/Δtri6.  Fungal biomass of maize roots was quantified using qPCR 
(F). 
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Table 1.  Number of differentially expressed genes from pair-wise comparisons of 
wild-type and Δtri6 mutant isolates with the mock inoculated control and between 
the two isolates.  Three different false discovery rates were analyzed: 0.05, 0.01 and 
0.001.   
 
False Discovery 
Rate 
Sampling time 
Wild-type vs. 
Δtri6 mutant 
Δtri6 mutant vs. 
mock 
wild-type vs. 
mock 
0.05  84 hours 51 4 3382 
 120 hours 0 2 0 
 168 hours 151 7 1259 
0.01  84 hours 7 2 1212 
 120 hours 0 0 0 
 168 hours 22 3 300 
0.001  84 hours 1 1 348 
 120 hours 0 0 0 
 168 hours 3 2 45 
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Table 2.  Annotation of probe sets that are differentially expressed in maize infected with wild-type F. graminearum when 
compared to a mock-inoculated control.  Genes from FDR 0.001 that had a log2 fold change of greater than or less than 2 were 
analyzed. Predicted functional identification of the probe sets were completed using MaizeGDB and NCBI BLAST.  Genes 
above the dashed line were differentially expressed at 84 hours, genes below the line at 168 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*genes present in both analyses between wild-type and mock and wild-type and Δtri6, these genes were omitted from Table 3.   
 
Probe Set P-value Log2 fold 
change 
Predicted Function E-value Functional classification Accession 
*S1-GRMZM2G097297 1.32E-10 3.15 O-methyltransferase ZRP4 0 methylation XM_008681248.1 
*S1-GRMZM2G100754 3.44E-10 2.69 O-methyltransferase ZRP4 0 methylation XM_008679211.1 
S1-GRMZM2G125441 5.37E-09 2.36 meiosis 5 0  XM_008660356.1 
S1-GRMZM2G024150 3.06E-09 2.15 photosystem I reaction center subunit II 0 photosynthesis  EU973367.1 
S1-GRMZM2G037284 1.25E-07 2.10 Ser/Thr-rich protein T10 0 protein secretion/golgi 
organization 
EU962977.1 
S1-GRMZM2G024996 2.23E-06 2.09 glycine-rich cell wall structural protein 0 cell wall structure XM_008661987.1 
S1-GRMZM2G162200 1.16E-08 2.09 Rubisco activase1 0 Calvin cycle XR_565011.1 
S1-GRMZM2G077333 4.59E-08 2.02 photosystem II subunit PsbS1 0 photosynthesis NM_001111758.1 
S1-GRMZM2G162529 2.99E-09 2.02 Phosphoribulokinase 0 Calvin cycle NM_001155751.1 
S1-GRMZM2G007252 2.14E-06 -2.15 3β-hydroxysteroid 
dehydrogenase/decarboxylase 
0 steroid biosynthesis XP_004984076.1 
 
*S1-GRMZM2G490539 2.65E-10 -2.29 unknown - - - 
*S1-GRMZM2G135536 1.31E-10 -2.33 cytochrome P450 89A-2 0  XP_008662353.1 
S1-GRMZM2G179143 1.83E-09 -2.49 cytochrome P450 89A-2 0  XP_008662353.1 
S1-GRMZM2G000423 6.90E-09 -2.59 Leucoanthocuanidin dioxygenase 7E-127 flavonoid biosynthesis NP_001183919.1 
*S1-GRMZM2G039383 7.51E-11 -2.85 nonspecific lipid-transfer protein 8E-27 many possible functions NP_001149680.1 
S1-GRMZM2G450773 2.81E-07 -2.93 ribulose-1,5-bisphosphate 
carboxylase/oxygenase large subunit 
0 Calvin cycle AY167975.1 
 
*S1-GRMZM2G551079 5.18E-13 -3.08 unknown - - - 
*S1-GRMZM2G066049 1.99E-11 -3.37 agmatine coumaroyltransferase 0 phenylpropanoid pathway AFW55789.1 
S1-GRMZM2G146809 3.76E-10 -3.38 unknown - - - 
S1-GRMZM2G007666 1.63E-11 4.74 Bowman-Birk type trypsin inhibitor 0 possible antifungal activity NM_001154840.1 
S1-GRMZM2G042677 1.12E-11 3.58 lecithin-cholesterol acyltransferase-like 1 0  XM_008671833.1 
*S1-GRMZM2G164781 5.77E-11 2.33 unknown - - - 
*S1-AC203581_4_FG001 1.94E-08 2.20 Germin-like protein 12-4 5E-101 possible defense response XR_565188.1 
S1-GRMZM2G338160 3.87E-07 2.17 unknown - - - 
1
0
5
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Table 3.  Annotation of probe sets that are differentially expressed in maize infected with wild-type F. graminearum compared 
to Δtri6-inoculated plants.  Genes from FDR 0.05 that had a log2 fold change of greater than or less than 1 were analyzed for 
this comparison. Predicted functional identification of the probe set were completed using MaizeGDB and NCBI BLAST.  
Genes above the dashed line were differentially expressed at 84 hours, genes below the line at 168 hours.   
 
Probe Set P-value Log2 (FC) Predicted Function E-value Functional classification   Accession 
S1-GRMZM2G036880 7.62E-06 1.03 chlorophyll a-b binding protein 6A 0 photosynthesis NM_001156114.1 
S1-GRMZM2G123489 1.34E-05 -1.02 uncharacterized 0 - NM_001149249.1 
S1-GRMZM2G020254 5.61E-06 -1.08 WRKY transcription factor 3 0  XM_008664524.1 
S1-GRMZM2G557636 1.89E-07 -1.15 - - - - 
S1-AC234152_1_FG005 1.69E-06 -1.24 beta-galactosidase 7-like 0 carbohydrate metabolism XM_008658041.1 
S1-GRMZM2G093526 9.02E-07 -1.26 ent-kaurene synthase B 0 diterpenoid biosynthsis NM_001148416.1 
S1-GRMZM2G015226 1.83E-06 -1.30 phylloplanin-like 0 possible antifungal activity XM_008657253.1 
S1-GRMZM2G146809 4.71E-08 -2.59 uncharacterized 0 - AY109044.1 
S1-GRMZM2G450512 2.74E-07 3.04 uncharacterized 0 - NM_001245884.1 
S1-GRMZM2G065585 1.50E-05 2.68 1,3 β-glucanase  0 possible antifungal activity with 
endochitinase 
NM_001112264.1 
S1-GRMZM2G562441 3.07E-07 2.42 - - - - 
S1-GRMZM2G051943 6.31E-05 1.74 endochitinase A 0 possible antifungal activity  NM_001165432.1 
S1-GRMZM2G508977 2.64E-05 1.66 drought-responsive protein 3E-110  KJ732298.1 
S1-GRMZM2G123107 9.73E-07 1.42 - - - - 
S1-GRMZM2G030772 2.94E-08 1.39 germin-like protein 8-5 0 possible defense response XM_008679985.1 
S1-GRMZM2G412760 5.83E-06 1.32 receptor-like protein kinase 0  XR_563712.1 
S1-GRMZM2G145440 8.97E-06 1.30 Brassinosteroid insensitive 1 
associated receptor kinase 1 
0 innate immunity  NM_001154152.2 
S1-GRMZM2G386229 7.69E-07 1.27 uncharacterized 0 - NM_001176269.1 
S5-EZ090856.1 2.10E-09 1.26 Brassinosteroid insensitive 1 
associated receptop kinase 1 
2E-45 innate immunity NM_001154152.2 
S1-GRMZM2G559103 6.69E-05 1.25 - - - - 
S1-GRMZM2G333448 1.35E-05 1.23 uncharacterized 0 - NM_001137020.1 
S1-AC214360_3_FG001 1.86E-06 1.17 uncharacterized 0 - NM_001152555.1 
S1-GRMZM2G152611 2.77E-07 1.17 uncharacterized 0 - EU954514.1 
S1-GRMZM2G118809 1.16E-05 1.15 isoflavone 2’-hydroxylase 0 isoflavonoid biosynthesis XM_008667223.1 
S1-GRMZM2G109959 3.70E-05 1.06 glycine-rich cell wall structural 
protein 
0 cell wall structure EU952469.1 
S1-GRMZM2G006937 5.33E-06 1.05 cycloartenol synthase 0 cholesterol biosynthesis XM_008645603.1 
S1-GRMZM2G080226 3.77E-06 1.04 mitochondrial transcription 
termination factor 
0 regulation of transcription XR_557643.1 
S1-GRMZM2G426469 2.16E-07 1.04 uncharacterized 0 - NM_001149849.2 
S1-GRMZM2G145589 1.87E-05 -1.04 subtilase family protein 0 proteolysis, possible defense response NM_001137316.1 
S1-GRMZM2G020631 7.05E-05 -1.52 oxidoreductase 0  NM_001147585.1 
S1-GRMZM2G476762 2.74E-08 -1.78 uncharacterized 0 - AC160211.1 
 
1
0
6
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Table 4.  Location in the maize genome where probe set sequences were mapped 
using MaizeGDB and NCBI BLAST. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Probe Set Location  
S1-GRMZM2G450512 Chr10: 93390802 - 93391432  
S1-GRMZM2G065585 Chr3: 152010337 - 152011716  
S1-GRMZM2G562441 Chr6: 99700434 - 99700540  
S1-GRMZM2G051943 Chr2: 34162588 – 34163936 
S1-GRMZM2G508977 Chr3: 140493513 - 140493990  
S1-GRMZM2G123107 Chr9: 140713091 - 140714500  
S1-GRMZM2G030772 Chr4: 28392542 - 28393742  
S1-GRMZM2G412760 Chr3: 20182109 - 20185594  
S1-GRMZM2G145440 Chr4: 21927208 - 21929100  
S1-GRMZM2G386229 Chr8: 106377121 - 106381453  
S5-EZ090856.1 Chr4: 21927219 – 21929089 
S1-GRMZM2G559103 Chr3: 65022290 - 65022819  
S1-GRMZM2G333448 Chr2: 229956842 - 229957797  
S1-AC214360_3_FG001 Chr3: 110200299 - 110204076  
S1-GRMZM2G152611 Chr7: 74908573 - 74910136  
S1-GRMZM2G118809 Chr1: 278904521 - 278906411  
S1-GRMZM2G109959 Chr5: 178970658 - 178971460  
S1-GRMZM2G006937 Chr5: 78289215 - 78344551  
S1-GRMZM2G080226 Chr2: 196318833 - 196320436  
S1-GRMZM2G426469 Chr6: 128315412 - 128316006  
S1-GRMZM2G036880 Chr4: 236369092 - 236370422  
S1-GRMZM2G123489 Chr1: 180720698 - 180721705  
S1-GRMZM2G145589 Chr6: 129,214,269 - 129,219,886  
S1-GRMZM2G020254 Chr10: 65429005 - 65430793  
S1-GRMZM2G557636 Chr7: 9710132 - 9710230  
S1-AC234152_1_FG005 Chr8: 101676136 - 101682398  
S1-GRMZM2G093526 Chr2: 10574515 - 10578571  
S1-GRMZM2G015226 Chr1: 57280298 - 57281345  
S1-GRMZM2G020631 Chr1: 195785845 - 195789120  
S1-GRMZM2G476762 Chr8: 162580836 - 162581607  
S1-GRMZM2G007666 Chr4: 2301223 - 2331397  
S1-GRMZM2G042677 Chr2: 167395791 - 167397316  
S1-GRMZM2G097297 Chr4: 193094389 - 193096319  
S1-GRMZM2G100754 Chr4: 193199883 - 193201794  
S1-GRMZM2G125441 Chr9: 76787846 - 76789249  
S1-GRMZM2G164781 Chr4: 196268190 - 196269225  
S1-AC203581_4_FG001 Chr8: 32684483 - 32685214  
S1-GRMZM2G338160 Chr3: 137741650 - 137742777  
S1-GRMZM2G024150 Chr5: 3530018 - 3531150  
S1-GRMZM2G037284 Chr5: 63737656 - 63740241  
S1-GRMZM2G024996 Chr9: 135003200 - 135004291  
S1-GRMZM2G162200 Chr4: 693736 - 695531  
S1-GRMZM2G077333 Chr3: 174868242 - 174870828  
S1-GRMZM2G162529 Chr5: 199643154 - 199645484  
S1-GRMZM2G007252 Chr9: 123079301 - 123083985  
S1-GRMZM2G490539 unknown 
S1-GRMZM2G135536 Chr10: 893876 - 895613  
S1-GRMZM2G179143 Chr10: 717178 - 719005  
S1-GRMZM2G000423 Chr9: 14543729-14545527  
S1-GRMZM2G039383 Chr6: 86445433 - 86446121  
S1-GRMZM2G450773 Chr1: 234715605 - 234717400  
S1-GRMZM2G551079 Chr4: 200510693 - 200511044  
S1-GRMZM2G066049 Chr10: 1086965 - 1088582  
S1-GRMZM2G146809 Chr10: 131067129 - 131068014 
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APPENDIX A 
SUPPLEMENTARY GRAPHS FOR CHAPTER 4 
 
Expression Graphs Category A 
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Probe ID Graph Time point/Trt 
P-
value 
Q-
value 
Log2 
FC 
Annotation 
E- 
value 
Accession 
S1-AC211738_4_FG003 1 84 hours: Fg PH1 wild-type- Mock 3.54E-09 1.33E-05 1.1043 Inositol-3-Phosphate Synthase 3E-48 NM_001112498.1 
S1-AC212758_3_FG012 2 84 hours: Fg PH1 wild-type- Mock 3.10E-06 8.82E-04 -0.6209 Vesicle-Associated Protein 2-1 2E-92 XM_008656218.1 
S1-GRMZM2G000423 3 84 hours: Fg PH1 wild-type- Mock 6.90E-09 1.93E-05 -2.5851 Leucoanthocyanidin Dioxygenase 0 NM_001196990.1 
S1-GRMZM2G004528 4 84 hours: Fg PH1 wild-type- Mock 1.00E-09 6.35E-06 1.0105 Inositol-3-Phosphate Synthase 0 EU961709.1 
S1-GRMZM2G007252 5 84 hours: Fg PH1 wild-type- Mock 2.14E-06 6.88E-04 -2.1549 
3beta-Hydroxysteroid-
Dehydrogenase/Decarboxylase 
0 XM_004984019.2 
S1-GRMZM2G010452 6 84 hours: Fg PH1 wild-type- Mock 3.20E-06 9.01E-04 -0.8864 Importin Subunit Beta-1 0 XM_008658136.1 
S1-GRMZM2G012887 7 84 hours: Fg PH1 wild-type- Mock 4.90E-07 2.83E-04 -0.9449 CMS-S Mitochondrion 1E-95 DQ490951.2 
S1-GRMZM2G014902 8 84 hours: Fg PH1 wild-type- Mock 1.52E-07 1.35E-04 1.3802 LHY Protein 0 XM_008678957.1 
S1-GRMZM2G015226 9 84 hours: Fg PH1 wild-type- Mock 2.82E-09 1.28E-05 -1.9125 Phylloplanin 0 XM_008657253.1 
S1-GRMZM2G019134 10 84 hours: Fg PH1 wild-type- Mock 4.90E-07 2.83E-04 -0.9449 CMS-S Mitochondrion 8E-97 DQ490951.2 
S1-GRMZM2G020254 11 84 hours: Fg PH1 wild-type- Mock 1.94E-07 1.56E-04 -1.3492 WRKY Transcription Factor 3 0 XM_008664524.1 
S1-GRMZM2G021058 12 84 hours: Fg PH1 wild-type- Mock 1.45E-07 1.31E-04 -0.7709 Unknown   
S1-GRMZM2G033846 13 84 hours: Fg PH1 wild-type- Mock 1.59E-06 5.93E-04 -0.8200 Caltractin 0 NM_001153934.2 
S1-GRMZM2G036833 14 84 hours: Fg PH1 wild-type- Mock 2.22E-06 7.03E-04 -0.7988 Mitochondrion 0 DQ645539.1 
S1-GRMZM2G041913 15 84 hours: Fg PH1 wild-type- Mock 9.46E-08 9.56E-05 -1.1526 Cycloartenol-C-24-Methyltransferase 2E-170 XM_008660882.1 
S1-GRMZM2G039383 16 84 hours: Fg PH1 wild-type- Mock 7.51E-11 1.43E-06 -2.8459 Nonspecific Lipid-Transfer Protein 0 NM_001156208.1 
S1-GRMZM2G042288 17 84 hours: Fg PH1 wild-type- Mock 1.29E-06 5.19E-04 -1.1576 CMS-C Mitochondrion 0 DQ645536.1 
S1-GRMZM2G059169 18 84 hours: Fg PH1 wild-type- Mock 2.04E-06 6.78E-04 -0.9104 Chloroplast 0 KF241981.1 
S1-GRMZM2G054655 19 84 hours: Fg PH1 wild-type- Mock 6.43E-07 3.43E-04 -0.6939 CMS-C Mitochondrion 0 DQ645536.1 
S1-GRMZM2G051005 20 84 hours: Fg PH1 wild-type- Mock 7.93E-07 3.91E-04 -1.0016 Uncharacterized 0 NM_001175656.1 
S1-GRMZM2G060161 21 84 hours: Fg PH1 wild-type- Mock 2.18E-06 6.97E-04 -1.2063 Uncharacterized 0 EU941251.1 
S1-GRMZM2G062502 22 84 hours: Fg PH1 wild-type- Mock 1.92E-06 6.53E-04 -0.7712 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G066049 23 84 hours: Fg PH1 wild-type- Mock 1.99E-11 4.71E-07 -3.3667 Uncharacterized 0 NM_001153508.1 
S1-GRMZM2G066142 24 84 hours: Fg PH1 wild-type- Mock 2.17E-07 1.67E-04 -1.6227 Agmatine Coumaroyltransferase 0 NM_001153379.1 
S1-GRMZM2G066840 25 84 hours: Fg PH1 wild-type- Mock 5.68E-07 3.12E-04 -1.0098 
Short-Chain Dehydrogenase 
Reductase 3a 
0 XM_008672683.1 
S1-GRMZM2G069089 26 84 hours: Fg PH1 wild-type- Mock 1.24E-06 5.17E-04 -0.9088 Cytochrome P450 85A1 9E-133 XM_008667608.1 
S1-GRMZM2G067262 27 84 hours: Fg PH1 wild-type- Mock 5.99E-08 7.27E-05 -1.1081 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G103773 28 84 hours: Fg PH1 wild-type- Mock 1.83E-06 6.41E-04 -0.9611 Cytochrome P450 CYP85A1 0 EU974870.1 
S1-GRMZM2G070620 29 84 hours: Fg PH1 wild-type- Mock 1.41E-08 2.91E-05 -1.9320 Cytochrome P450 86B1 0 XM_008664452.1 
S1-GRMZM2G097229 30 84 hours: Fg PH1 wild-type- Mock 8.56E-09 2.14E-05 -1.4899 Expansin-B4 0 XM_008651534.1 
S1-GRMZM2G094639 31 84 hours: Fg PH1 wild-type- Mock 4.17E-07 2.52E-04 -1.2868 Ctenidin-1 0 XM_008660188.1 
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S1-GRMZM2G094543 32 84 hours: Fg PH1 wild-type- Mock 3.64E-07 2.26E-04 -0.7205 Uncharacterized 0 DQ244462.1 
S1-GRMZM2G093526 33 84 hours: Fg PH1 wild-type- Mock 5.85E-09 1.79E-05 -1.6965 Ent-Kaurene Synthase B 0 NM_001148416.1 
S1-GRMZM2G122172 34 84 hours: Fg PH1 wild-type- Mock 2.06E-06 6.79E-04 -0.8812 
Aldehyde Dehydrogenase Family 2 
Member C4 
0 XM_008650912.1 
S1-GRMZM2G135536 35 84 hours: Fg PH1 wild-type- Mock 1.31E-10 1.52E-06 -2.3338 Uncharacterized 0 BT067588.1 
S1-GRMZM2G115480 36 84 hours: Fg PH1 wild-type- Mock 3.44E-06 9.47E-04 -1.0474 Uncharacterized 0 XM_008683355.1 
S1-GRMZM2G123489 37 84 hours: Fg PH1 wild-type- Mock 5.51E-08 7.07E-05 -1.4536 Uncharacterized 0 NM_001149249.1 
S1-GRMZM2G126006 38 84 hours: Fg PH1 wild-type- Mock 2.14E-08 3.76E-05 -1.1878 Early Light-Induced Protein 2E-44 NM_001159231.1 
S1-GRMZM2G122954 39 84 hours: Fg PH1 wild-type- Mock 7.85E-07 3.91E-04 -1.0598 Uncharacterized 0 XM_008679377.1 
S1-GRMZM2G114552 40 84 hours: Fg PH1 wild-type- Mock 3.17E-06 8.96E-04 -0.9810 Uncharacterized 0 BT062144.1 
S1-GRMZM2G132032 41 84 hours: Fg PH1 wild-type- Mock 2.97E-06 8.51E-04 -0.6597 Subtilase Family Protein 0 NM_001175919.1 
S1-GRMZM2G138600 42 84 hours: Fg PH1 wild-type- Mock 1.73E-07 1.43E-04 -1.1055 
Cytidine/Deoxycytidylate Deaminase 
Family Protein 
1E-157 NM_001153867.1 
S1-GRMZM2G109942 43 84 hours: Fg PH1 wild-type- Mock 1.29E-06 5.19E-04 -1.1576 CMS-C Mitochondrion 0 DQ645536.1 
S1-GRMZM2G114276 44 84 hours: Fg PH1 wild-type- Mock 6.01E-07 3.26E-04 -0.8203 
LRR Receptor-Like Serine/Threonine-
Protein Kinase 
0 XM_008670780.1 
S1-GRMZM2G085218 45 84 hours: Fg Tri6 knockout- Mock 4.22E-13 2.46E-08 -1.6270 B-Box Zinc Finger Family Protein 0 NM_001154033.1 
S1-GRMZM2G141602 46 84 hours: Fg PH1 wild-type- Mock 1.26E-06 5.17E-04 -0.6815 Male-Fertile NA Mitochondrion 1E-157 DQ490952.1 
S1-GRMZM2G156525 47 84 hours: Fg PH1 wild-type- Mock 1.72E-06 6.29E-04 -0.8426 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G146380 48 84 hours: Fg PH1 wild-type- Mock 1.45E-07 1.31E-04 -0.8382 NAC Transcription Factor NAM-1 0 XM_008647642.1 
S1-GRMZM2G412440 49 84 hours: Fg PH1 wild-type- Mock 1.49E-06 5.72E-04 -0.7758 Uncharacterized   
S1-GRMZM2G175265 50 84 hours: Fg PH1 wild-type- Mock 1.05E-10 1.52E-06 0.9688 LHY Protein 0 XM_008663165.1 
S1-GRMZM2G322299 51 84 hours: Fg PH1 wild-type- Mock 2.38E-07 1.75E-04 -0.9392 Uncharacterized   
S1-GRMZM2G421513 52 84 hours: Fg PH1 wild-type- Mock 3.07E-06 8.77E-04 -0.8053 Enolase-Phosphatase E1 0 XM_008680771.1 
S1-GRMZM2G349258 53 84 hours: Fg PH1 wild-type- Mock 7.43E-07 3.85E-04 -0.7234 
Cleft Lip And Palate Transmembrane 
Protein 1 
0 XM_008665782.1 
S1-GRMZM2G179501 54 84 hours: Fg PH1 wild-type- Mock 1.20E-06 5.07E-04 -0.7774 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G179143 55 84 hours: Fg PH1 wild-type- Mock 1.83E-09 9.65E-06 -2.4850 Cytochrome P450 89A2 0 XM_008664131.1 
S1-GRMZM2G173063 56 84 hours: Fg PH1 wild-type- Mock 4.92E-07 2.83E-04 -1.0145 
Cytidine/Deoxycytidylate Deaminase 
Family Protein 
0 NM_001153867.1 
S1-GRMZM2G154580 57 84 hours: Fg PH1 wild-type- Mock 2.87E-06 8.32E-04 -0.7886 Two-Component Response Regulator 0 XM_008660049.1 
S1-GRMZM2G367147 58 84 hours: Fg PH1 wild-type- Mock 2.64E-06 7.87E-04 -0.8314 
Cytosolic Aldehyde Dehydrogenase 
RF2C 
0 AF348412.2 
S1-GRMZM2G490539 59 84 hours: Fg PH1 wild-type- Mock 2.65E-10 2.29E-06 -2.2931 Uncharacterized   
S1-GRMZM2G353024 60 84 hours: Fg PH1 wild-type- Mock 1.37E-06 5.38E-04 -0.6547 Root Phototropism Protein 2 0 XM_008671710.1 
S1-GRMZM2G353024 61 84 hours: Fg PH1 wild-type- Mock 1.37E-06 5.38E-04 -0.6547 Root Phototropism Protein 2 0 XM_008671710.1 
S1-GRMZM2G546830 62 84 hours: Fg PH1 wild-type- Mock 1.12E-06 4.85E-04 -0.8107 Mitochondrion 0 DQ645539.1 
S1-GRMZM2G497538 63 84 hours: Fg PH1 wild-type- Mock 1.82E-06 6.41E-04 -0.6582 Uncharacterized   
S1-GRMZM2G490631 64 84 hours: Fg PH1 wild-type- Mock 8.71E-07 4.11E-04 -0.7752 CMS-S Mitochondrion 7E-50 DQ490951.2 
S1-GRMZM2G474744 65 84 hours: Fg PH1 wild-type- Mock 1.13E-06 4.86E-04 -1.4153 
Cycloartenol-C-24-Methyltransferase 
1 
0 XM_008645664.1 
S1-GRMZM2G485807 66 84 hours: Fg PH1 wild-type- Mock 1.33E-06 5.31E-04 -1.1209 Unknown   
S1-GRMZM2G475611 67 84 hours: Fg PH1 wild-type- Mock 7.49E-07 3.86E-04 1.0286 LHY Protein 0 XM_008678962.1 
S1-GRMZM2G450773 68 84 hours: Fg PH1 wild-type- Mock 2.81E-07 1.92E-04 -2.9285 
Ribulose-1,5-Bisphosphate 
Carboxylase/Oxygenase Large Subunit 
0 AY167975.1 
1
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S1-GRMZM2G478212 69 84 hours: Fg PH1 wild-type- Mock 4.37E-07 2.63E-04 0.9866 Lrgb-Like Family Protein 0 NM_001158103.1 
S1-GRMZM2G519629 70 84 hours: Fg PH1 wild-type- Mock 7.51E-08 8.39E-05 -0.9302 CMS-S Mitochondrion 0 DQ490951.2 
S5-EZ111503.1 71 84 hours: Fg PH1 wild-type- Mock 1.44E-10 1.52E-06 -1.9614 Uncharacterized   
S1-GRMZM2G553810 72 84 hours: Fg PH1 wild-type- Mock 2.82E-06 8.19E-04 -1.0265 CMS-S Mitochondrion 3E-48 DQ490951.2 
S1-GRMZM2G701767 73 84 hours: Fg PH1 wild-type- Mock 1.45E-07 1.31E-04 -0.7709 Unknown   
S1-GRMZM2G378047 74 84 hours: Fg PH1 wild-type- Mock 2.04E-06 6.78E-04 -0.9104 Chloroplast 0 KF241981.1 
S6-matr_NB 75 84 hours: Fg PH1 wild-type- Mock 1.79E-06 6.41E-04 -0.6755 Unknown   
S6b-matr.5C_st 76 84 hours: Fg PH1 wild-type- Mock 3.91E-07 2.39E-04 -0.9458 Unknown   
S1-GRMZM2G501576 77 84 hours: Fg PH1 wild-type- Mock 1.16E-06 5.00E-04 -0.9883 Unknown   
S6b-matr.8C_st 78 84 hours: Fg PH1 wild-type- Mock 1.77E-06 6.41E-04 -0.7484 Unknown   
S1-GRMZM2G537680 79 84 hours: Fg PH1 wild-type- Mock 2.32E-07 1.75E-04 -1.1111 Unknown   
S1-GRMZM2G369491 80 84 hours: Fg PH1 wild-type- Mock 2.62E-06 7.85E-04 -0.7552 Mitochondrion 0 DQ645539.1 
S1-GRMZM2G546790 81 84 hours: Fg PH1 wild-type- Mock 7.51E-08 8.39E-05 -0.9302 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G106728 82 84 hours: Fg PH1 wild-type- Mock 8.66E-07 4.11E-04 -1.2204 Transcription Factor Bhlh129 0 XM_008665118.1 
S1-GRMZM2G567692 83 84 hours: Fg PH1 wild-type- Mock 1.59E-06 5.93E-04 -0.7837 CMS-S Mitochondrion 2E-45 DQ490951.2 
S1-GRMZM2G703582 84 84 hours: Fg PH1 wild-type- Mock 9.65E-07 4.41E-04 -0.6515 S-Norcoclaurine Synthase 1 0 XR_557158.1 
S1-GRMZM2G546830 85 84 hours: Fg PH1 wild-type- Mock 1.12E-06 4.85E-04 -0.8107 Mitochondrion 0 DQ645539.1 
S1-GRMZM2G575660 86 84 hours: Fg PH1 wild-type- Mock 2.11E-06 6.87E-04 -1.0491 CMS-S Mitochondrion 6E-77 DQ490951.2 
S1-GRMZM2G432591 87 84 hours: Fg PH1 wild-type- Mock 2.76E-06 8.03E-04 -0.7201 Fanconi Anemia Group I Protein 0 XM_008657224.1 
S1-GRMZM2G030768 88 84 hours: Fg PH1 wild-type- Mock 2.60E-06 7.82E-04 -0.6930 Uncharacterized 0 XM_008679413.1 
S1-GRMZM2G172043 89 84 hours: Fg PH1 wild-type- Mock 3.33E-06 9.24E-04 -0.8065 Lysosomal Beta Glucosidase 0 XM_008646281.1 
S1-GRMZM2G160327 90 84 hours: Fg PH1 wild-type- Mock 1.85E-06 6.45E-04 -0.7744 Uncharacterized 0 XM_008645947.1 
S1-GRMZM2G072938 91 84 hours: Fg PH1 wild-type- Mock 1.29E-06 5.19E-04 -1.1576 CMS-C Mitochondrion 0 DQ645536.1 
S1-GRMZM2G009048 92 84 hours: Fg PH1 wild-type- Mock 7.40E-07 3.85E-04 0.9189 
Photosystem I Reaction Center 
Subunit N 
0 XM_008664344.1 
S1-GRMZM2G162690 93 84 hours: Fg PH1 wild-type- Mock 1.81E-06 6.41E-04 0.9262 Uncharacterized 0 XM_008675167.1 
S1-GRMZM2G009320 94 84 hours: Fg PH1 wild-type- Mock 2.74E-06 8.01E-04 0.8790 Uncharacterized 0 XM_008675167.1 
S1-GRMZM2G054509 95 84 hours: Fg PH1 wild-type- Mock 1.05E-06 4.68E-04 1.1683 Flavonol Sulfotransferase 0 NM_001156040.1 
S1-GRMZM2G069298 96 84 hours: Fg PH1 wild-type- Mock 5.00E-07 2.83E-04 0.9738 
Flavonol Synthase/Flavanone 3-
Hydroxylase 
0 XM_008648087.1 
S1-GRMZM2G020423 97 84 hours: Fg PH1 wild-type- Mock 1.29E-06 5.19E-04 -1.0452 Jasmonate-Induced Protein 0 NM_001156693.1 
S1-GRMZM2G128981 98 84 hours: Fg PH1 wild-type- Mock 2.37E-10 2.25E-06 1.0440 Uncharacterized 0 XR_556723.1 
S1-GRMZM2G343048 99 84 hours: Fg PH1 wild-type- Mock 1.49E-06 5.71E-04 0.6716 Uncharacterized   
S1-GRMZM2G166445 100 84 hours: Fg PH1 wild-type- Mock 6.83E-07 3.59E-04 -0.7685 Uncharacterized 0 NM_001279464.1 
S1-GRMZM2G314094 101 84 hours: Fg PH1 wild-type- Mock 1.36E-06 5.38E-04 -1.3884 
Pyrophosphate-Dependent Fructose-6-
Phosphate 1-Phosphotransferase 
Alpha Subunit 
0 JQ522973.1 
S1-GRMZM2G417472 102 84 hours: Fg PH1 wild-type- Mock 1.03E-06 4.62E-04 -0.9105 Formin-Like Protein 12 5E-140 XM_008662829.1 
S1-GRMZM2G521084 103 84 hours: Fg PH1 wild-type- Mock 2.95E-06 8.47E-04 -0.7646 CMS-S Mitochondrion 6E-45 DQ490951.2 
S1-GRMZM2G556086 104 84 hours: Fg PH1 wild-type- Mock 3.48E-08 5.33E-05 -0.8958 CMS-S Mitochondrion 5E-125 DQ490951.2 
S1-GRMZM2G557636 105 84 hours: Fg PH1 wild-type- Mock 1.47E-11 4.65E-07 -1.9286 Unknown   
S1-GRMZM2G560602 106 84 hours: Fg PH1 wild-type- Mock 1.26E-06 5.17E-04 -0.6815 Male-Fertile NA Mitochondrion 0 DQ490952.1 
S5-EZ069759.1 107 84 hours: Fg PH1 wild-type- Mock 3.17E-06 8.96E-04 -0.5091 Catalytic/ Ligase 1E-57 NM_001158860.1 
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S1-GRMZM2G571867 108 84 hours: Fg PH1 wild-type- Mock 1.23E-06 5.17E-04 -0.9172 CMS-S Mitochondrion 0 DQ490951.2 
S1-GRMZM2G575005 109 84 hours: Fg PH1 wild-type- Mock 2.95E-06 8.47E-04 -0.7646 CMS-S Mitochondrion 3E-43 DQ490951.2 
S1-GRMZM2G584491 110 84 hours: Fg PH1 wild-type- Mock 1.26E-06 5.17E-04 -0.6815 Male-Fertile NA Mitochondrion 0 DQ490952.1 
S1-GRMZM2G587899 111 84 hours: Fg PH1 wild-type- Mock 1.80E-06 6.41E-04 -0.8843 CMS-S Mitochondrion 5E-46 DQ490951.2 
S5-EZ050812.1 112 84 hours: Fg PH1 wild-type- Mock 5.77E-08 7.15E-05 1.0133 BTB/POZ Domain-Containing Protein 2E-62 XP_003561246.1 
S5-AM295187.1 113 84 hours: Fg PH1 wild-type- Mock 2.37E-07 1.75E-04 0.9646 Inositol-3-Phosphate Synthase 0 NM_001112498.1 
S5-EZ065353.1 114 84 hours: Fg PH1 wild-type- Mock 8.38E-09 2.14E-05 0.8977 Uncharacterized   
S1-GRMZM2G136486 115 84 hours: Fg PH1 wild-type- Mock 1.76E-08 3.45E-05 1.3802 Uncharacterized 0 XM_008669912.1 
S1-GRMZM2G146809 116 84 hours: Fg PH1 wild-type- Mock 3.76E-10 2.75E-06 -3.3804 Uncharacterized 0 AY109044.1 
S1-GRMZM2G547004 117 84 hours: Fg PH1 wild-type- Mock 2.46E-06 7.52E-04 -0.8120 CMS-S Mitochondrion 9E-70 DQ490951.2 
S1-GRMZM2G304666 118 84 hours: Fg PH1 wild-type- Mock 3.11E-09 1.28E-05 -0.9531 Unknown   
S1-GRMZM2G011900 119 84 hours: Fg PH1 wild-type- Mock 1.34E-06 5.35E-04 -0.8138 Male-Fertile NA Mitochondrion 0 DQ490952.1 
S1-GRMZM2G060956 120 84 hours: Fg PH1 wild-type- Mock 2.09E-06 6.81E-04 -0.9102 Unknown   
S1-GRMZM2G080521 121 84 hours: Fg PH1 wild-type- Mock 1.99E-07 1.57E-04 -0.6399 Acyl-Protein Thioesterase 2 0 NM_001137775.2 
S1-GRMZM2G397508 122 84 hours: Fg PH1 wild-type- Mock 3.17E-07 2.03E-04 -1.2017 Expansin-B4-Like 0 XM_008651534.1 
S1-GRMZM2G428356 123 84 hours: Fg PH1 wild-type- Mock 5.33E-07 2.96E-04 0.5949 Uncharacterized   
S1-GRMZM2G487212 124 84 hours: Fg PH1 wild-type- Mock 6.31E-09 1.87E-05 -0.8304 CMS-S Mitochondrion 6E-93 DQ490951.2 
S1-GRMZM2G543860 125 84 hours: Fg PH1 wild-type- Mock 1.43E-07 1.31E-04 -0.9173 CMS-C Mitochondrion 0 DQ645536.1 
S1-GRMZM2G551079 126 
84 hours: Fg PH1 wild-type - Fg Tri6 
mutant 
5.18E-13 2.46E-08 -3.0796 Unknown   
S1-AC147602_5_FG003 127 84 hours: Fg PH1 wild-type- Mock 7.64E-09 2.07E-05 1.5580 Sedoheptulose Bisphosphatase1 5E-152 NP_001148402.1 
S1-AC147602_5_FG004 128 84 hours: Fg PH1 wild-type- Mock 3.49E-09 1.33E-05 1.2229 Sedoheptulose Bisphosphatase1 2E-94 NP_001148402.1 
S1-AC177820_3_FG009 129 84 hours: Fg PH1 wild-type- Mock 2.34E-07 1.75E-04 1.3762 Protein Clueless 0 XM_008648165.1 
S1-AC187076_4_FG005 130 84 hours: Fg PH1 wild-type- Mock 2.39E-06 7.39E-04 0.8728 Unknown   
S1-AC196480_3_FG005 131 84 hours: Fg PH1 wild-type- Mock 5.13E-07 2.87E-04 0.7890 Uncharacterized 2E-25 XR_555793.1 
S1-AC204952_3_FG002 132 84 hours: Fg PH1 wild-type- Mock 7.95E-07 3.91E-04 0.9918 Unknown   
S1-AC205990_3_FG003 133 84 hours: Fg PH1 wild-type- Mock 1.06E-07 1.04E-04 1.1350 Uncharacterized 3E-112 AY110966.1 
S1-GRMZM2G001401 134 84 hours: Fg PH1 wild-type- Mock 4.69E-09 1.59E-05 0.7143 Cinnamoyl-Coa Reductase 1 0 XM_008673714.1 
S1-AC212972_2_FG005 135 84 hours: Fg PH1 wild-type- Mock 4.52E-07 2.67E-04 1.3476 Oxygen-Evolving Enhancer Protein 3-1 
 
6E-109 NM_001301620.1 
S1-GRMZM2G003096 136 84 hours: Fg PH1 wild-type- Mock 1.79E-06 6.41E-04 0.8777 Uncharacterized 0 JQ887909.1 
S1-GRMZM2G001653 137 84 hours: Fg PH1 wild-type- Mock 4.34E-09 1.52E-05 1.6058 Uncharacterized 0 AY105449.1 
S1-GRMZM2G005419 138 84 hours: Fg PH1 wild-type- Mock 2.86E-07 1.93E-04 0.7577 Uncharacterized 0 NM_001149771.1 
S1-GRMZM2G013342 139 84 hours: Fg PH1 wild-type- Mock 1.93E-08 3.52E-05 1.1410 
Photosystem I Reaction Center 
Subunit II 
0 NM_001137408.1 
S1-GRMZM2G016066 140 84 hours: Fg PH1 wild-type- Mock 3.34E-07 2.10E-04 1.1712 
Photosystem I Reaction Center 
Subunit IV 
0 NM_001156228.1 
S1-GRMZM2G005859 141 84 hours: Fg PH1 wild-type- Mock 7.65E-07 3.91E-04 0.8334 Uncharacterized 0 BT086138.1 
S1-GRMZM2G016677 142 84 hours: Fg PH1 wild-type- Mock 5.37E-09 1.70E-05 1.2783 Uncharacterized 0 NM_001196753.1 
S1-GRMZM2G005774 143 84 hours: Fg PH1 wild-type- Mock 1.44E-06 5.63E-04 0.6899 ATP Synthase B Chain 0 EU958471.1 
S1-GRMZM2G016836 144 84 hours: Fg PH1 wild-type- Mock 7.78E-08 8.41E-05 1.5790 Dihydroflavonol-4-Reductase 0 NM_001157086.1 
S1-GRMZM2G018786 145 84 hours: Fg PH1 wild-type- Mock 1.77E-08 3.45E-05 0.8464 Kinase 0 EU975783.1 
S1-GRMZM2G024150 146 84 hours: Fg PH1 wild-type- Mock 3.06E-09 1.28E-05 2.1506 
Photosystem I Reaction Center 
Subunit I 
0 EU973367.1 
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S1-GRMZM2G025882 147 84 hours: Fg PH1 wild-type- Mock 1.11E-06 4.83E-04 1.0383 Uncharacterized 0 NM_001158291.1 
S1-GRMZM2G021649 148 84 hours: Fg PH1 wild-type- Mock 1.70E-06 6.25E-04 0.7496 Uncharacterized 0 XM_008650019.1 
S1-GRMZM2G017290 149 84 hours: Fg PH1 wild-type- Mock 6.96E-08 7.96E-05 1.0342 
Photosystem I Reaction Center 
Subunit III 
0 NM_001154940.1 
S1-GRMZM2G000620 150 84 hours: Fg PH1 wild-type- Mock 1.80E-06 6.41E-04 0.8540 Receptor-Like Kinase 0 NM_001154488.2 
S1-GRMZM2G000647 151 84 hours: Fg PH1 wild-type- Mock 1.17E-06 5.00E-04 0.8602 Uncharacterized 0 XM_008663415.1 
S1-AC208976_3_FG003 152 84 hours: Fg PH1 wild-type- Mock 1.80E-06 6.41E-04 0.9423 
Leucine-Rich Repeat Receptor-Like 
Protein Kinase 
0 XM_008651580.1 
S1-GRMZM2G004641 153 84 hours: Fg PH1 wild-type- Mock 1.93E-06 6.55E-04 0.9102 HB Transcription Factor (HB64) 0 KJ728497.1 
S1-GRMZM2G018441 154 84 hours: Fg PH1 wild-type- Mock 3.57E-08 5.39E-05 1.7266 4-Nitrophenylphosphatase 0 NM_001158883.1 
S1-GRMZM2G020508 155 84 hours: Fg PH1 wild-type- Mock 1.35E-06 5.37E-04 0.7324 Uncharacterized 0 EU969022.1 
S1-GRMZM2G024996 156 84 hours: Fg PH1 wild-type- Mock 2.23E-06 7.03E-04 2.0892 
Glycine-Rich Cell Wall Structural 
Protein 
0 XM_008661987.1 
S1-GRMZM2G026024 157 84 hours: Fg PH1 wild-type- Mock 5.31E-08 6.90E-05 0.9511 Phosphoribulokinase 0 EU970086.1 
S1-GRMZM2G030189 158 84 hours: Fg PH1 wild-type- Mock 2.00E-06 6.72E-04 1.0366 
Nther-Specific Proline-Rich Protein 
APG 
0 NM_001156657.1 
S1-GRMZM2G033885 159 84 hours: Fg PH1 wild-type- Mock 2.02E-07 1.57E-04 1.1924 Photosystem II Subunit29 0 NM_001112032.1 
S1-GRMZM2G034843 160 84 hours: Fg PH1 wild-type- Mock 1.24E-08 2.68E-05 1.0237 Uncharacterized 0 NM_001150817.1 
S1-GRMZM2G035503 161 84 hours: Fg PH1 wild-type- Mock 2.99E-07 1.98E-04 0.8648 O-Glycosyl Hydrolase 0 NM_001136852.1 
S1-GRMZM2G037284 162 84 hours: Fg PH1 wild-type- Mock 1.25E-07 1.20E-04 2.0966 Ser/Thr-Rich Protein T10 0 EU962977.1 
S1-GRMZM2G038519 163 84 hours: Fg PH1 wild-type- Mock 2.40E-06 7.39E-04 1.1919 Chlorophyll A-B Binding Protein 0 NM_001137144.1 
S1-GRMZM2G039996 164 84 hours: Fg PH1 wild-type- Mock 2.52E-06 7.66E-04 0.9979 Chlorophyll A-B Binding Protein 0 NM_001154934.1 
S1-GRMZM2G043109 165 84 hours: Fg PH1 wild-type- Mock 1.98E-06 6.69E-04 0.8154 
Magnesium-Protoporphyrin IX 
Monomethyl Ester [Oxidative] Cyclase 
0 XM_008675698.1 
S1-GRMZM2G044247 166 84 hours: Fg PH1 wild-type- Mock 2.37E-06 7.39E-04 0.8853 Dihydrodipicolinate Reductase 0 EU962850.1 
S1-GRMZM2G046284 167 84 hours: Fg PH1 wild-type- Mock 5.80E-08 7.15E-05 1.1009 Fructose-Bisphosphate Aldolase 0 EU964680.1 
S1-GRMZM2G047384 168 84 hours: Fg PH1 wild-type- Mock 1.46E-06 5.67E-04 1.0588 DNA-3-Methyladenine Glycosylase I 0 EU975955.1 
S1-GRMZM2G047720 169 84 hours: Fg PH1 wild-type- Mock 1.83E-09 9.65E-06 1.5953 Threonine Endopeptidase 7E-154 EU952983.1 
S1-GRMZM2G048085 170 84 hours: Fg PH1 wild-type- Mock 3.31E-06 9.20E-04 1.0896 Senescence-Associated Protein DIN1 0 EU970581.1 
S1-GRMZM2G048313 171 84 hours: Fg PH1 wild-type- Mock 2.71E-06 7.98E-04 1.1236 Ferredoxin-1 0 EU974838.1 
S1-GRMZM2G049370 172 84 hours: Fg PH1 wild-type- Mock 9.82E-07 4.46E-04 1.1224 Uncharacterized 0 XM_008667412.1 
S1-GRMZM2G049432 173 84 hours: Fg PH1 wild-type- Mock 1.20E-08 2.66E-05 1.4023 Uncharacterized 0 XM_008668710.1 
S1-GRMZM2G049915 174 84 hours: Fg PH1 wild-type- Mock 2.06E-06 6.79E-04 0.7710 Proline Rich Cell Wall Protein1 0 NM_001112022.1 
S1-GRMZM2G050076 175 84 hours: Fg PH1 wild-type- Mock 6.75E-09 1.93E-05 0.7407 Uncharacterized 0 XM_008652700.1 
S1-GRMZM2G056068 176 84 hours: Fg PH1 wild-type- Mock 1.06E-08 2.59E-05 1.2528 Uncharacterized 5E-134 EU971427.1 
S1-GRMZM2G056424 177 84 hours: Fg PH1 wild-type- Mock 5.75E-07 3.14E-04 0.8909 Photosystem II 11 Kd Protein 0 NM_001154956.1 
S1-GRMZM2G056750 178 84 hours: Fg PH1 wild-type- Mock 3.62E-06 9.88E-04 0.9770 Flocculation Protein FLO11 0 XM_008655302.1 
S1-GRMZM2G057281 179 84 hours: Fg PH1 wild-type- Mock 1.47E-06 5.69E-04 1.0128 
Chlorophyll A-B Binding Protein Of 
LHCII Type III 
0 NM_001157051.1 
S1-GRMZM2G057789 180 84 hours: Fg PH1 wild-type- Mock 1.26E-06 5.17E-04 0.9030 
RING Zinc Finger Domain 
Superfamily Protein 
0 NM_001174778.1 
S1-GRMZM2G058070 181 84 hours: Fg PH1 wild-type- Mock 3.43E-08 5.33E-05 1.2876 
Oxygen-Evolving Enhancer Protein 3-
1 
0 XM_008654970.1 
S1-GRMZM2G059412 182 84 hours: Fg PH1 wild-type- Mock 3.07E-07 1.99E-04 0.8546 Uncharacterized 0 BT042925.1 
S1-GRMZM2G059693 183 84 hours: Fg PH1 wild-type- Mock 2.21E-06 7.03E-04 1.3484 Uncharacterized 0 BT063677.2 
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S1-GRMZM2G063203 184 84 hours: Fg PH1 wild-type- Mock 2.53E-06 7.68E-04 0.6230 Trihelix Transcription Factor GTL1 0 XM_008680665.1 
S1-GRMZM2G068947 185 84 hours: Fg PH1 wild-type- Mock 1.87E-06 6.45E-04 0.6374 12-Oxo-Phytodienoic Acid Reductase6 0 NM_001112362.1 
S1-GRMZM2G070797 186 84 hours: Fg PH1 wild-type- Mock 1.87E-06 6.45E-04 1.9440 Zinc Finger Protein 0 NM_001176916.1 
S1-GRMZM2G071423 187 84 hours: Fg PH1 wild-type- Mock 3.03E-07 1.98E-04 1.5723 Uncharacterized 0 EU956724.1 
S1-GRMZM2G076136 188 84 hours: Fg PH1 wild-type- Mock 2.48E-07 1.78E-04 0.7680 Uncharacterized 0 XM_008650455.1 
S1-GRMZM2G077015 189 84 hours: Fg PH1 wild-type- Mock 2.62E-06 7.85E-04 1.6169 Dhurrinase-Like B-Glucosidase 0 NM_001134283.1 
S1-GRMZM2G077333 190 84 hours: Fg PH1 wild-type- Mock 4.59E-08 6.52E-05 2.0239 
Photosystem II Subunit Psbs1 
 
0 NM_001111758.1 
S1-GRMZM2G079123 191 84 hours: Fg PH1 wild-type- Mock 7.37E-10 4.99E-06 1.4257 Myb-Related Protein Myb4 0 XM_008666442.1 
S1-GRMZM2G081462 192 84 hours: Fg PH1 wild-type- Mock 1.80E-08 3.45E-05 0.9720 
Magnesium-Protoporphyrin IX 
Monomethyl Ester [Oxidative] Cyclase 
0 XM_008657252.1 
S1-GRMZM2G084407 193 84 hours: Fg PH1 wild-type- Mock 3.40E-07 2.12E-04 1.6004 Cytochrome P450 734A6 0 XM_008657952.1 
S1-GRMZM2G087041 194 84 hours: Fg PH1 wild-type- Mock 2.38E-06 7.39E-04 0.7862 Uncharacterized 0 NM_001153803.1 
S1-GRMZM2G087150 195 84 hours: Fg PH1 wild-type- Mock 1.78E-06 6.41E-04 0.9323 Uncharacterized 0 NM_001155622.1 
S1-GRMZM2G088919 196 84 hours: Fg PH1 wild-type- Mock 9.67E-08 9.67E-05 1.2774 
Anther-Specific Proline-Rich Protein 
APG 
2E-88 NM_001156657.1 
S1-GRMZM2G089136 197 84 hours: Fg PH1 wild-type- Mock 1.17E-06 5.00E-04 0.7172 Phosphoglycerate Kinase 0 NM_001154156.2 
S1-GRMZM2G091313 198 84 hours: Fg PH1 wild-type- Mock 8.83E-07 4.11E-04 0.7978 Uncharacterized 0 NM_001149850.2 
S1-GRMZM2G096391 199 84 hours: Fg PH1 wild-type- Mock 8.27E-07 4.03E-04 0.7125 Uncharacterized 0 NM_001196265.1 
S1-GRMZM2G097297 200 84 hours: Fg PH1 wild-type- Mock 1.32E-10 1.52E-06 3.1457 O-Methyltransferase ZRP4 0 XM_008681248.1 
S1-GRMZM2G098520 201 84 hours: Fg PH1 wild-type- Mock 2.66E-06 7.90E-04 0.8361 
Ribulose-1,5-Bisphosphate 
Carboxylase/Oxygenase Small Subunit 
0 Y00322.1 
S1-GRMZM2G098751 202 84 hours: Fg PH1 wild-type- Mock 7.76E-08 8.41E-05 1.1844 
Electron Transporter/ Thiol-Disulfide 
Exchange Intermediate 
0 NM_001155101.1 
S1-GRMZM2G101664 203 84 hours: Fg PH1 wild-type- Mock 2.14E-06 6.88E-04 1.6412 Zinc Finger Protein 0 NM_001151013.2 
S1-GRMZM2G103559 204 84 hours: Fg PH1 wild-type- Mock 2.05E-06 6.79E-04 0.8872 Protein Kinase PINOID 0 XM_008666873.1 
S1-GRMZM2G106276 205 84 hours: Fg PH1 wild-type- Mock 2.76E-06 8.03E-04 0.7717 
Homeobox-Leucine Zipper Protein 
ATHB-4 
0 NM_001157284.1 
S1-GRMZM2G113205 206 84 hours: Fg PH1 wild-type- Mock 1.47E-06 5.69E-04 0.7158 Uncharacterized 0 EU967356.1 
S1-GRMZM2G114137 207 84 hours: Fg PH1 wild-type- Mock 9.02E-07 4.14E-04 1.0424 CCT Motif Family Protein 0 NM_001156076.1 
S1-GRMZM2G123122 208 84 hours: Fg PH1 wild-type- Mock 1.51E-06 5.75E-04 1.0069 Uncharacterized 0 XM_008670906.1 
S1-GRMZM2G125441 209 84 hours: Fg PH1 wild-type- Mock 5.37E-09 1.70E-05 2.3623 Meiosis 5 0 XM_008660356.1 
S1-GRMZM2G126261 210 84 hours: Fg PH1 wild-type- Mock 8.96E-07 4.14E-04 1.6472 Peroxidase 42 Precursor 0 NM_001254790.1 
S1-GRMZM2G130379 211 84 hours: Fg PH1 wild-type- Mock 1.59E-07 1.35E-04 0.9082 Uncharacterized 0 EU964076.1 
S1-GRMZM2G135019 212 84 hours: Fg PH1 wild-type- Mock 2.68E-07 1.87E-04 0.9240 Uncharacterized 0 NM_001138862.1 
S1-GRMZM2G135501 213 84 hours: Fg PH1 wild-type- Mock 5.01E-07 2.83E-04 0.8029 Uncharacterized 0 NM_001149515.1 
S1-GRMZM2G141325 214 84 hours: Fg PH1 wild-type- Mock 9.87E-08 9.76E-05 1.2139 Uncharacterized 0 NM_001157417.1 
S1-GRMZM2G142093 215 84 hours: Fg PH1 wild-type- Mock 2.86E-07 1.93E-04 1.1616 Uncharacterized 2E-93 XM_008683209.1 
S1-GRMZM2G146878 216 84 hours: Fg PH1 wild-type- Mock 2.21E-06 7.03E-04 0.7101 
Vesicular Transport-Associated 
Repeat Protein 
0 EU957737.1 
S1-GRMZM2G149428 217 84 hours: Fg PH1 wild-type- Mock 1.65E-06 6.12E-04 1.1510 Chlorophyll A-B Binding Protein CP26 1E-177 XM_008681909.1 
S1-GRMZM2G149636 218 84 hours: Fg PH1 wild-type- Mock 2.30E-06 7.21E-04 0.8134 3-Ketoacyl-Coa Synthase 1 0 XM_008655202.1 
S1-GRMZM2G150893 219 84 hours: Fg PH1 wild-type- Mock 6.05E-08 7.27E-05 1.1964 Peroxidase 54 Precursor 0 EU962944.1 
S1-GRMZM2G151476 220 84 hours: Fg PH1 wild-type- Mock 1.78E-07 1.46E-04 1.4831 Acyltransferase 0 NM_001159026.1 
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S1-GRMZM2G153208 221 84 hours: Fg PH1 wild-type- Mock 7.99E-07 3.91E-04 1.1522 Uncharacterized 0 NM_001155923.1 
S1-GRMZM2G154505 222 84 hours: Fg PH1 wild-type- Mock 1.11E-06 4.83E-04 1.0394 Uncharacterized 0 NM_001159432.1 
S1-GRMZM2G155370 223 84 hours: Fg PH1 wild-type- Mock 1.91E-06 6.53E-04 0.6923 Uncharacterized   
S1-GRMZM2G160268 224 84 hours: Fg PH1 wild-type- Mock 1.19E-06 5.03E-04 1.1461 Chlorophyll A-B Binding Protein 4 3E-152 EU956255.1 
S1-GRMZM2G162200 225 84 hours: Fg PH1 wild-type- Mock 1.16E-08 2.63E-05 2.0858 Rubisco Activase1 0 XR_565011.1 
S1-GRMZM2G162529 226 84 hours: Fg PH1 wild-type- Mock 2.99E-09 1.28E-05 2.0228 Uncharacterized 0 NM_001155751.1 
S1-GRMZM2G162748 227 84 hours: Fg PH1 wild-type- Mock 6.37E-07 3.42E-04 0.7989 Iron-Sulfur Protein2 0 NM_001147793.1 
S1-GRMZM2G164558 228 84 hours: Fg PH1 wild-type- Mock 2.90E-07 1.94E-04 0.7780 Plastoquinol-Plastocyanin Reductase 0 XM_008675738.1 
S1-GRMZM2G165655 229 84 hours: Fg PH1 wild-type- Mock 3.68E-07 2.27E-04 1.5572 
Chloroplast Stem-Loop Binding 
Protein 
0 XM_008650223.1 
S1-GRMZM2G168304 230 84 hours: Fg PH1 wild-type- Mock 2.49E-07 1.78E-04 1.1488 3-Ketoacyl-Coa Synthase 6 0 XM_004965122.1 
S1-GRMZM2G171395 231 84 hours: Fg PH1 wild-type- Mock 7.80E-08 8.41E-05 0.7118 
Secondary Wall NAC Transcription 
Factor 1 
0 JN634077.1 
S1-GRMZM2G173809 232 84 hours: Fg PH1 wild-type- Mock 1.81E-09 9.65E-06 1.4541 Ricin-Like 0 XM_008671855.1 
S1-GRMZM2G174440 233 84 hours: Fg PH1 wild-type- Mock 7.78E-07 3.91E-04 1.0037 PGR5-Like Protein 1B 1E-161 XP_008652279.1 
S1-GRMZM2G174984 234 84 hours: Fg PH1 wild-type- Mock 2.42E-07 1.77E-04 1.1377 Photosystem II 10 Kda Polypeptide 0 EU961665.1 
S1-GRMZM2G174990 235 84 hours: Fg PH1 wild-type- Mock 1.53E-06 5.82E-04 0.7969 
Phosphatidylinositol/Phosphatidylchol
ine Transfer Protein SFH6 
0 XM_008657782.1 
S1-GRMZM2G177150 236 84 hours: Fg PH1 wild-type- Mock 1.67E-07 1.40E-04 0.7127 
Glycerol-3-Phosphate Acyltransferase 
1 
0 XM_004969189.2 
S1-GRMZM2G177508 237 84 hours: Fg PH1 wild-type- Mock 2.30E-08 3.97E-05 1.9446 Threonine Endopeptidase 0 NM_001147882.1 
S1-GRMZM2G178192 238 84 hours: Fg PH1 wild-type- Mock 3.57E-06 9.78E-04 0.6119 Adenylate Kinase 0 EU955541.1 
S1-GRMZM2G301823 239 84 hours: Fg PH1 wild-type- Mock 4.32E-08 6.41E-05 0.7498 Calvin Cycle Protein CP12-1 0 XM_008656659.1 
S1-GRMZM2G302639 240 84 hours: Fg PH1 wild-type- Mock 3.21E-08 5.09E-05 0.8544 Curvature Thylakoid 1C 0 XM_008658983.1 
S1-GRMZM2G306345 241 84 hours: Fg PH1 wild-type- Mock 8.99E-07 4.14E-04 1.7238 Pyruvate,Orthophosphate Dikinase 8E-128 X14927.1 
S1-GRMZM2G306732 242 84 hours: Fg PH1 wild-type- Mock 2.09E-06 6.81E-04 0.8090 Fructose-1,6-Bisphosphatase 0 NM_001157234.1 
S1-GRMZM2G308944 243 84 hours: Fg PH1 wild-type- Mock 3.30E-06 9.20E-04 0.9642 
Photosystem II Core Complex Proteins 
Psby 
0 NM_001154267.1 
S1-GRMZM2G316275 244 84 hours: Fg PH1 wild-type- Mock 1.24E-06 5.17E-04 0.8387 SAUR36 - Auxin-Responsive 0 EU968168.1 
S1-GRMZM2G317743 245 84 hours: Fg PH1 wild-type- Mock 2.72E-08 4.61E-05 1.1750 Uncharacterized   
S1-GRMZM2G318635 246 84 hours: Fg PH1 wild-type- Mock 2.82E-07 1.92E-04 1.4387 Uncharacterized 0 XM_008648165.1 
S1-GRMZM2G320277 247 84 hours: Fg PH1 wild-type- Mock 1.98E-07 1.57E-04 1.0177 
Leucine-Rich Repeat Receptor-Like 
Protein Kinase 
3E-107 XM_008651580.1 
S1-GRMZM2G323024 248 84 hours: Fg PH1 wild-type- Mock 2.25E-06 7.08E-04 0.9397 Magnesium-Chelatase Subunit Chlh 0 XM_004976582.1 
S1-GRMZM2G328908 249 84 hours: Fg PH1 wild-type- Mock 1.45E-07 1.31E-04 1.3355 Uncharacterized   
S1-GRMZM2G329047 250 84 hours: Fg PH1 wild-type- Mock 6.70E-07 3.55E-04 1.6193 
Photosystem I Reaction Center 
Subunit V 
0 NM_001158351.1 
S1-GRMZM2G331913 251 84 hours: Fg PH1 wild-type- Mock 3.27E-07 2.08E-04 0.9712 Protein Clueless 2E-112 XM_008648165.1 
S1-GRMZM2G332970 252 84 hours: Fg PH1 wild-type- Mock 3.57E-06 9.78E-04 0.9379 Uncharacterized   
S1-GRMZM2G336152 253 84 hours: Fg PH1 wild-type- Mock 1.91E-06 6.53E-04 1.0990 Short-Chain Dehydrogenase TIC 32 1E-151 XM_008664884.1 
S1-GRMZM2G337113 254 84 hours: Fg PH1 wild-type- Mock 5.05E-07 2.83E-04 1.1457 
Subunit A Of Chloroplast GAPDH 
(Gapa) Glyceraldehyde-3-Phosphate 
Dehydrogenase 
0 X07157.1 
S1-GRMZM2G353076 255 84 hours: Fg PH1 wild-type- Mock 3.65E-09 1.33E-05 1.2695 Zinc Finger Homeodomain Protein 1 0 NM_001159069.1 
S1-GRMZM2G355062 256 84 hours: Fg PH1 wild-type- Mock 2.68E-07 1.87E-04 0.9570 Uncharacterized   
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S1-GRMZM2G355610 257 84 hours: Fg PH1 wild-type- Mock 2.65E-06 7.88E-04 0.6566 
Phosphatidylinositol/Phosphatidylchol
ine Transfer Protein SFH6 
0 XM_008657782.1 
S1-GRMZM2G358009 258 84 hours: Fg PH1 wild-type- Mock 1.52E-07 1.35E-04 1.0682 Thioredoxin M-Type 0 EU968086.1 
S1-GRMZM2G358540 259 84 hours: Fg PH1 wild-type- Mock 6.62E-08 7.66E-05 1.4313 Uncharacterized   
S1-GRMZM2G366681 260 84 hours: Fg PH1 wild-type- Mock 8.80E-07 4.11E-04 1.0016 Uncharacterized   
S1-GRMZM2G371313 261 84 hours: Fg PH1 wild-type- Mock 3.14E-07 2.03E-04 0.7740 Uncharacterized   
S1-GRMZM2G377168 262 84 hours: Fg PH1 wild-type- Mock 6.85E-07 3.59E-04 1.1514 Uncharacterized   
S1-GRMZM2G380414 263 84 hours: Fg PH1 wild-type- Mock 2.69E-06 7.97E-04 1.3503 Ultraviolet-B-Repressible Protein 0 EU966670.1 
S1-GRMZM2G380457 264 84 hours: Fg PH1 wild-type- Mock 6.21E-08 7.37E-05 0.7384 Uncharacterized   
S1-GRMZM2G380784 265 84 hours: Fg PH1 wild-type- Mock 1.10E-06 4.83E-04 1.1083 Disease Resistance Protein At1g50180 0 XR_566504.1 
S1-GRMZM2G384780 266 84 hours: Fg PH1 wild-type- Mock 1.07E-06 4.76E-04 0.7639 Uncharacterized   
S1-GRMZM2G398807 267 84 hours: Fg PH1 wild-type- Mock 5.38E-07 2.97E-04 1.2878 Cortical Cell-Delineating Protein 0 NM_001154828.1 
S1-GRMZM2G400173 268 84 hours: Fg PH1 wild-type- Mock 1.57E-06 5.87E-04 1.1180 Uncharacterized   
S1-GRMZM2G401664 269 84 hours: Fg PH1 wild-type- Mock 5.06E-08 6.70E-05 0.9522 Uncharacterized   
S1-GRMZM2G414192 270 84 hours: Fg PH1 wild-type- Mock 8.67E-08 9.05E-05 1.0743 Chlorophyll A-B Binding Protein 0 XM_008666820.1 
S1-GRMZM2G418343 271 84 hours: Fg PH1 wild-type- Mock 5.08E-08 6.70E-05 1.3825 Uncharacterized   
S1-GRMZM2G429714 272 84 hours: Fg PH1 wild-type- Mock 2.85E-08 4.70E-05 1.1623 
Leucine-Rich Repeat Receptor-Like 
Protein Kinase 
0 XM_008651580.1 
S1-GRMZM2G430530 273 84 hours: Fg PH1 wild-type- Mock 4.40E-07 2.63E-04 1.0232 Chloroplast 4E-121 KF241981.1 
S1-GRMZM2G432926 274 84 hours: Fg PH1 wild-type- Mock 1.88E-06 6.45E-04 0.7254 Aquaporin PIP2.1 8E-179 EU959656.1 
S1-GRMZM2G443888 275 84 hours: Fg PH1 wild-type- Mock 8.45E-07 4.09E-04 0.8450 Uncharacterized   
S1-GRMZM2G446170 276 84 hours: Fg PH1 wild-type- Mock 1.92E-07 1.56E-04 0.9512 Uncharacterized   
S1-GRMZM2G447867 277 84 hours: Fg PH1 wild-type- Mock 7.68E-07 3.91E-04 1.5321 Ultraviolet-B-Repressible Protein 0 NM_001154549.1 
S1-GRMZM2G449496 278 84 hours: Fg PH1 wild-type- Mock 1.31E-08 2.76E-05 1.7404 Uncharacterized   
S1-GRMZM2G451224 279 84 hours: Fg PH1 wild-type- Mock 7.90E-07 3.91E-04 1.0695 Uncharacterized   
S1-GRMZM2G455676 280 84 hours: Fg PH1 wild-type- Mock 3.34E-06 9.24E-04 0.8091 
Photosystem II Reaction Center 
PSB28 
0 XM_008676350.1 
S1-GRMZM2G459052 281 84 hours: Fg PH1 wild-type- Mock 8.39E-08 8.85E-05 1.0623 Uncharacterized   
S1-GRMZM2G472852 282 84 hours: Fg PH1 wild-type- Mock 3.25E-06 9.10E-04 0.9725 Ultraviolet-B-Repressible Protein 0 NM_001157061.1 
S1-GRMZM2G478212 283 84 hours: Fg PH1 wild-type- Mock 4.37E-07 2.63E-04 0.9866 Lrgb-Like Family Protein 0 NM_001158103.1 
S1-GRMZM2G478414 284 84 hours: Fg PH1 wild-type- Mock 2.59E-06 7.82E-04 0.8869 
Anther-Specific Proline-Rich Protein 
APG 
0 NM_001156508.1 
S1-GRMZM2G496056 285 84 hours: Fg PH1 wild-type- Mock 2.19E-07 1.68E-04 1.4555 Protein Clueless 2E-34 XM_008648165.1 
S1-GRMZM2G507563 286 84 hours: Fg PH1 wild-type- Mock 1.15E-07 1.11E-04 0.9788 Chloroplast 7E-50 KF241981.1 
S1-GRMZM2G519495 287 84 hours: Fg PH1 wild-type- Mock 8.21E-09 2.14E-05 1.7427 
Leucine-Rich Repeat Receptor-Like 
Protein Kinase 
1E-177 XR_560057.1 
S1-GRMZM2G528814 288 84 hours: Fg PH1 wild-type- Mock 7.83E-07 3.91E-04 1.0650 Uncharacterized   
S1-GRMZM2G543629 289 84 hours: Fg PH1 wild-type- Mock 2.78E-07 1.92E-04 0.7755 
Sigma Factor Of Plastid RNA 
Polymerase 
0 XM_008680032.1 
S1-GRMZM2G587606 290 84 hours: Fg PH1 wild-type- Mock 3.22E-06 9.04E-04 0.6272 Chloroplast 2E-38 KF241981.1 
S1-GRMZM2G701218 291 84 hours: Fg PH1 wild-type- Mock 2.38E-06 7.39E-04 1.1384 Uncharacterized   
S1-GRMZM2G703605 292 84 hours: Fg PH1 wild-type- Mock 1.85E-08 3.45E-05 0.7668 ACS-Like Protein 0 NM_001154375.1 
S2-ZM_BFb0011F05 293 84 hours: Fg PH1 wild-type- Mock 2.41E-06 7.42E-04 0.6791 Dof-Type Zinc Finger Protein 3 0 BK006983.1 
S2-ZM_BFb0022N10 294 84 hours: Fg PH1 wild-type- Mock 2.13E-06 6.88E-04 1.1037 Uncharacterized   
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S2-ZM_BFc0045M06 295 84 hours: Fg PH1 wild-type- Mock 2.73E-06 8.01E-04 0.5854 
Pyrophosphate-Energized Proton 
Pump1 
0 NM_001147379.1 
S2-ZM_BFc0127E19 296 84 hours: Fg PH1 wild-type- Mock 1.60E-07 1.35E-04 1.1396 
Photosystem II Reaction Center W 
Protein 
0 EU958496.1 
S2-ZM_BFc0138E15 297 84 hours: Fg PH1 wild-type- Mock 3.22E-08 5.09E-05 1.2800 
Photosystem II Reaction Center W 
Protein 
0 EU958496.1 
S3-EU942607.1 298 84 hours: Fg PH1 wild-type- Mock 3.28E-07 2.08E-04 0.7476 Early Nodulin 75 0 NM_001153981.2 
S3-EU949642.1 299 84 hours: Fg PH1 wild-type- Mock 8.34E-08 8.85E-05 0.8200 Uncharacterized   
S3-EU953967.1 300 84 hours: Fg PH1 wild-type- Mock 1.60E-07 1.35E-04 1.1396 Photosystem II Reaction Center W 0 EU953967.1 
S3-EU955065.1 301 84 hours: Fg PH1 wild-type- Mock 2.26E-07 1.71E-04 0.6639 
Pyrophosphate-Energized Proton 
Pump1 
0 NM_001147379.1 
S3-EU955479.1 302 84 hours: Fg PH1 wild-type- Mock 1.74E-06 6.36E-04 0.7878 18S Ribosomal RNA 0 U42796.1 
S3-EU956648.1 303 84 hours: Fg PH1 wild-type- Mock 1.14E-08 2.63E-05 0.7147 Uncharacterized   
S3-EU956770.1 304 84 hours: Fg PH1 wild-type- Mock 2.02E-09 1.01E-05 0.8890 Long Chain Acyl-Coa Synthetase 4 0 XM_004964737.1 
S3-EU958496.1 305 84 hours: Fg PH1 wild-type- Mock 1.60E-07 1.35E-04 1.1396 Photosystem II Reaction Center W 0 EU958496.1 
S3-EU959227.1 306 84 hours: Fg PH1 wild-type- Mock 4.66E-08 6.52E-05 1.3140 Sedoheptulose Bisphosphatase1 0 NM_001154930.1 
S3-EU959329.1 307 84 hours: Fg PH1 wild-type- Mock 1.56E-07 1.35E-04 1.0517 Photosystem II Reaction Center W 0 EU959329.1 
S3-EU962451.1 308 84 hours: Fg PH1 wild-type- Mock 3.08E-06 8.78E-04 -0.6304 Glycine-Rich RNA-Binding Protein 2 0 EU962451.1 
S3-EU967802.1 309 84 hours: Fg PH1 wild-type- Mock 6.22E-07 3.36E-04 0.6322 
Pyrophosphate-Energized Proton 
Pump1 
0 NM_001147379.1 
S3-EU968108.1 310 84 hours: Fg PH1 wild-type- Mock 9.12E-08 9.41E-05 1.2347 Uncharacterized   
S3-EU972299.1 311 84 hours: Fg PH1 wild-type- Mock 9.40E-08 9.56E-05 0.8317 Uncharacterized   
S4-Z50801.1 312 84 hours: Fg PH1 wild-type- Mock 4.95E-07 2.83E-04 1.2888 Photosystem II Subunit29 0 NM_001112032.1 
S5-AB016810.1 313 84 hours: Fg PH1 wild-type- Mock 1.82E-06 6.41E-04 1.4216 Ferredoxin2 0 NM_001111374.1 
S5-D00170.1 314 84 hours: Fg PH1 wild-type- Mock 4.67E-08 6.52E-05 1.5474 
Ribulose Bisphosphate Carboxylase 
Small Subunit1 
0 NM_001111824.1 
S5-EZ053247.1 315 84 hours: Fg PH1 wild-type- Mock 1.88E-06 6.45E-04 0.9243 Uncharacterized   
S5-EZ054929.1 316 84 hours: Fg PH1 wild-type- Mock 2.09E-06 6.81E-04 0.8460 Uncharacterized   
S5-EZ069435.1 317 84 hours: Fg PH1 wild-type- Mock 2.57E-07 1.82E-04 0.8949 Fructose-1,6-Bisphosphatase 8E-39 XM_004970645.1 
S5-EZ074550.1 318 84 hours: Fg PH1 wild-type- Mock 1.02E-06 4.60E-04 0.8779 Uncharacterized   
S5-EZ082247.1 319 84 hours: Fg PH1 wild-type- Mock 2.46E-07 1.78E-04 0.7961 
Early Responsive To Dehydration 
Protein 
6E-45 NM_001114650.1 
S5-EZ090298.1 320 84 hours: Fg PH1 wild-type- Mock 8.61E-07 4.11E-04 0.7061 Aquaporin PIP1.1 6E-51 EU965065.1 
S5-EZ093803.1 321 84 hours: Fg PH1 wild-type- Mock 5.05E-08 6.70E-05 1.4580 Sedoheptulose Bisphosphatase1 4E-52 NM_001154930.1 
S5-EZ096905.1 322 84 hours: Fg PH1 wild-type- Mock 6.54E-08 7.66E-05 0.8460 Uncharacterized   
S5-EZ097553.1 323 84 hours: Fg PH1 wild-type- Mock 1.40E-07 1.31E-04 0.9905 Photosystem II3 7E-15 NM_001291677.1 
S5-EZ105024.1 324 84 hours: Fg PH1 wild-type- Mock 2.00E-07 1.57E-04 1.3067 Photosystem I N Subunit1 9E-18 XM_008676196.1 
S5-EZ110412.1 325 84 hours: Fg PH1 wild-type- Mock 1.72E-07 1.43E-04 1.0222 Uncharacterized   
S5-X06535.1 326 84 hours: Fg PH1 wild-type- Mock 4.67E-08 6.52E-05 1.5474 Unknown   
S5-X55892.1 327 84 hours: Fg PH1 wild-type- Mock 2.12E-08 3.76E-05 1.4955 H2B Histone 0 X57313.1 
S5-X65931.1 328 84 hours: Fg PH1 wild-type- Mock 4.15E-07 2.52E-04 0.9550 Glutamine Synthetase1 0 NM_001112255.1 
S5-X75326.1 329 84 hours: Fg PH1 wild-type- Mock 1.68E-06 6.20E-04 0.9922 
Nonphosphorylating Glyceraldehyde-
3-Phosphate Dehydrogenase 
0 X75326.1 
S5-Y17332.1 330 84 hours: Fg PH1 wild-type- Mock 8.79E-07 4.11E-04 0.8045 Proline Rich Cell Wall Protein1 0 NM_001112022.1 
S5-Z26595.1 331 84 hours: Fg PH1 wild-type- Mock 2.87E-08 4.70E-05 0.9145 Triose Phosphate/Phosphate 0 NP_001105497.1 
1
5
1
 
  
Probe ID Graph Time point/Trt 
P-
value 
Q-
value 
Log2 
FC 
Annotation 
E- 
value 
Accession 
Translocator 
S6-trnMbcp_NA 332 84 hours: Fg PH1 wild-type- Mock 2.46E-06 7.52E-04 0.7757 Unknown   
S7a-ZemaCp012 333 84 hours: Fg PH1 wild-type- Mock 4.47E-07 2.65E-04 0.8204 Unknown   
S7a-ZemaCp032 334 84 hours: Fg PH1 wild-type- Mock 8.54E-07 4.11E-04 0.5793 
Ribulose Bisphosphate Carboxylase 
Large Chain 
0 AFW78859.1 
S7a-ZemaCp083 335 84 hours: Fg PH1 wild-type- Mock 1.99E-06 6.69E-04 0.6242 NADH Dehydrogenase Subunit 5 0 NP_043084.1 
S7a-ZemaCp085 336 84 hours: Fg PH1 wild-type- Mock 5.05E-08 6.70E-05 0.9117 Cytochrome C Biogenesis 0 NP_043086.1 
S1-GRMZM2G015967 337 168 hours: Fg PH1 wild-type- Mock 1.55E-06 5.86E-04 0.9089 Peptidyl-Prolyl Cis-Trans Isomerase 0 NM_001158380.1 
S1-GRMZM2G070605 338 84 hours: Fg PH1 wild-type- Mock 1.16E-08 2.63E-05 0.7876 
Triose Phosphate/Phosphate 
Translocator 
0 XM_004967282.2 
S1-GRMZM2G100754 339 84 hours: Fg PH1 wild-type- Mock 3.44E-10 2.72E-06 2.6947 O-Methyltransferase ZRP4 0 XM_008679211.1 
S1-GRMZM2G007666 340 
168 hours: Fg PH1 wild-type - Fg Tri6 
mutant 
1.63E-11 8.08E-07 4.7373 Bowman-Birk Type Trypsin Inhibitor 0 NM_001154840.1 
S1-GRMZM2G042677 341 
168 hours: Fg PH1 wild-type - Fg Tri6 
mutant 
1.12E-11 8.08E-07 3.5772 Lecithin-Cholesterol Acyltransferase 0 XM_008671833.1 
S1-GRMZM2G030772 342 
168 hours: Fg PH1 wild-type - Fg Tri6 
mutant 
2.94E-08 9.71E-04 1.3906 Germin-Like Protein 8-5 0 XM_008679985.1 
S1-GRMZM2G476762 343 
168 hours: Fg PH1 wild-type - Fg Tri6 
mutant 
2.74E-08 9.71E-04 -1.7833 Uncharacterized   
S5-EZ090856.1 344 84 hours: Fg PH1 wild-type- Mock 1.29E-10 3.18E-06 1.4641 
Brassinosteroid Insensitive 1-
Associated Receptor Kinase 1 
2E-45 NM_001154152.2 
S1-AC203581_4_FG001 345 168 hours: Fg PH1 wild-type- Mock 1.94E-08 1.25E-04 2.1981 Germin-Like Protein 12-4 5E-101 XR_565188.1 
S1-AC225718_2_FG009 346  3.51E-08 1.58E-04 1.0127 Uncharacterized 5E-161 DQ244300.1 
S1-GRMZM2G000665 347 168 hours: Fg PH1 wild-type- Mock 3.74E-07 9.03E-04 1.0321 Solute Carrier Family 35 Member F1 0 NM_001301512.1 
S1-GRMZM2G003411 348 84 hours: Fg PH1 wild-type- Mock 1.39E-07 4.45E-04 1.4467 
Putative Pleiotropic Drug Resistance 
Protein 7 
0 XM_008681639.1 
S1-GRMZM2G015804 349 168 hours: Fg PH1 wild-type- Mock 9.91E-08 3.70E-04 1.8673 Uncharacterized 0 XM_008646308.1 
S1-GRMZM2G025105 350 168 hours: Fg PH1 wild-type- Mock 1.13E-08 1.02E-04 1.0155 Polygalacturonase Inhibitor 0 NM_001153759.1 
S1-GRMZM2G049727 351 168 hours: Fg PH1 wild-type- Mock 4.04E-09 6.68E-05 0.9322 Uncharacterized 0 NM_001176734.1 
S1-GRMZM2G051974 352 168 hours: Fg PH1 wild-type- Mock 9.50E-09 1.02E-04 0.9574 MLO-Like Protein 14 0 XM_008669711.1 
S1-GRMZM2G103197 353 168 hours: Fg PH1 wild-type- Mock 2.04E-07 5.71E-04 1.8856 Uncharacterized 0 BT066154.1 
S1-GRMZM2G124759 354 168 hours: Fg PH1 wild-type- Mock 5.53E-08 2.38E-04 1.5688 Phospholipase A1-II 7 9E-61 XM_008650414.1 
S1-GRMZM2G129450 355 168 hours: Fg PH1 wild-type- Mock 1.40E-08 1.15E-04 1.4000 Uncharacterized 0 NM_001150008.1 
S1-GRMZM2G145440 356 168 hours: Fg PH1 wild-type- Mock 1.28E-07 4.40E-04 1.7157 
Brassinosteroid Insensitive 1-
Associated Receptor Kinase 1 
0 NM_001154152.2 
S1-GRMZM2G152611 357 168 hours: Fg PH1 wild-type- Mock 2.09E-07 5.71E-04 1.1922 Drought Responsive Lnc 1E-148 KJ732226.1 
S1-GRMZM2G164781 358 168 hours: Fg PH1 wild-type- Mock 5.77E-11 1.91E-06 2.3269 Uncharacterized 0 NM_001150289.1 
S1-GRMZM2G174562 359 168 hours: Fg PH1 wild-type- Mock 4.11E-07 9.27E-04 1.7361 Bowman-Birk Type Trypsin Inhibitor 0 XM_008679647.1 
S1-GRMZM2G333448 360 168 hours: Fg PH1 wild-type- Mock 3.25E-08 1.54E-04 1.8182 Uncharacterized   
S1-GRMZM2G338160 361 168 hours: Fg PH1 wild-type- Mock 3.87E-07 9.13E-04 2.1667 Uncharacterized   
S1-GRMZM2G345700 362 168 hours: Fg PH1 wild-type- Mock 9.19E-09 1.02E-04 1.4259 Proline-Rich Protein 0 EU955280.1 
S1-GRMZM2G418590 363 168 hours: Fg PH1 wild-type- Mock 3.01E-08 1.49E-04 1.2242 Uncharacterized   
S1-GRMZM2G426469 364 168 hours: Fg PH1 wild-type- Mock 9.20E-08 3.65E-04 1.0993 Uncharacterized   
S1-GRMZM2G488094 365 168 hours: Fg PH1 wild-type- Mock 1.01E-08 1.02E-04 0.9521 Uncharacterized   
S5-EZ062381.1 366 168 hours: Fg PH1 wild-type- Mock 1.59E-08 1.21E-04 2.6393 Fusarium Fujikuroi Mitochondrion 3E-48 JX910420.1 
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S5-EZ113681.1 367 168 hours: Fg PH1 wild-type- Mock 7.65E-08 3.16E-04 -1.0650 Unkown   
S1-AC165171_2_FG003 368 168 hours: Fg PH1 wild-type- Mock 1.07E-08 1.02E-04 -0.8551 Fizzy-Related 0 EU961592.1 
S1-GRMZM2G005909 369 168 hours: Fg PH1 wild-type- Mock 2.56E-09 5.08E-05 -0.8946 
Geranylgeranyl Pyrophosphate 
Synthase 4 
0 NM_001197013.1 
S1-GRMZM2G028955 370 168 hours: Fg PH1 wild-type- Mock 2.13E-07 5.71E-04 -0.6957 Histone H2A 0 EU952633.1 
S1-GRMZM2G035213 371 168 hours: Fg PH1 wild-type- Mock 1.70E-07 5.26E-04 -0.9424 Tocopherol O-Methyltransferase 0 EU962808.1 
S1-GRMZM2G057852 372 168 hours: Fg PH1 wild-type- Mock 2.02E-08 1.25E-04 -0.7847 H2B Histone 0 X69960.1 
S1-GRMZM2G063909 373 168 hours: Fg PH1 wild-type- Mock 4.14E-07 9.27E-04 -0.7149 Uncharacterized 0 BT086500.1 
S1-GRMZM2G092481 374 168 hours: Fg PH1 wild-type- Mock 1.01E-07 3.70E-04 -0.6272 Ankyrin Repeat Protein Isoform 1 0 XR_552440.1 
S1-GRMZM2G094892 375 168 hours: Fg PH1 wild-type- Mock 2.51E-07 6.54E-04 1.3296 Uncharacterized 0 XM_008649870.1 
S1-GRMZM2G115388 376 168 hours: Fg PH1 wild-type- Mock 1.87E-07 5.61E-04 -1.0662 Zinc Finger Protein 2 0 XM_008671988.1 
S1-GRMZM2G124963 377 168 hours: Fg PH1 wild-type- Mock 2.33E-08 1.36E-04 -0.8537 Alanine Aminotransferase 2 5E-50 XM_008655121.1 
S1-GRMZM2G125268 378 168 hours: Fg PH1 wild-type- Mock 1.98E-07 5.71E-04 0.7613 Aldehyde Dehydrogenase 2-2 0 KJ004511.1 
S1-GRMZM2G125656 379 168 hours: Fg PH1 wild-type- Mock 2.92E-07 7.42E-04 -0.7505 WD Repeat-Containing Protein 44 0 XM_008670793.1 
S1-GRMZM2G125844 380 168 hours: Fg PH1 wild-type- Mock 1.30E-07 4.40E-04 -0.8492 Nuclear Ribonuclease Z 0 XR_555354.1 
S1-GRMZM2G448883 381 84 hours: Fg PH1 wild-type- Mock 1.33E-07 4.40E-04 -0.9832 Phi-1-Like Phosphate-Induced 0 NM_001155964.1 
S3-EU952850.1 382 84 hours: Fg PH1 wild-type- Mock 3.01E-08 1.49E-04 -0.9523 Uncharacterized   
S5-X57313.1 383 84 hours: Fg PH1 wild-type- Mock 3.31E-07 8.19E-04 -0.7186 H2B Histone 0 X57313.1 
S1-AC155434_2_FG006 384 84 hours: Fg PH1 wild-type- Mock 1.10E-06 4.83E-04 0.7912 Aldehyde Dehydrogenase 2-2 0 KJ004511.1 
S1-GRMZM2G026930 385 168 hours: Fg PH1 wild-type- Mock 8.82E-07 4.11E-04 0.9149 NADPH-Dependent Reductase 0 AF347696.1 
S1-GRMZM2G042998 386 168 hours: Fg PH1 wild-type- Mock 1.42E-06 5.57E-04 -0.7590 Uncharacterized 0 XR_554983.1 
S1-GRMZM2G046382 387 168 hours: Fg PH1 wild-type- Mock 1.56E-06 5.87E-04 0.6794 Class I Heat Shock Protein 0 XM_008655802.1 
S1-GRMZM2G048136 388 168 hours: Fg PH1 wild-type- Mock 1.04E-06 4.64E-04 0.9283 MYB Transcription Factor 0 KJ727898.1 
S1-GRMZM2G098260 389 168 hours: Fg PH1 wild-type- Mock 3.01E-07 1.98E-04 1.1756 Vegetative Cell Wall Protein Gp1 0 XM_008648378.1 
S1-GRMZM2G105364 390 168 hours: Fg PH1 wild-type- Mock 4.60E-07 2.70E-04 -0.9134 GAST1 Protein Precursor 0 EU952443.1 
S1-GRMZM2G137108 391 168 hours: Fg PH1 wild-type- Mock 1.84E-08 3.45E-05 1.0615 Aquaporin NIP4.1 0 EU956287.1 
S1-GRMZM2G158205 392 168 hours: Fg PH1 wild-type- Mock 5.80E-08 7.15E-05 1.0101 Uncharacterized 0 XM_008656259.1 
S1-GRMZM2G158232 393 168 hours: Fg PH1 wild-type- Mock 7.70E-07 3.91E-04 1.0203 Class I Heat Shock Protein 1 0 NM_001158932.1 
S5-DQ245095.1 394 168 hours: Fg PH1 wild-type- Mock 2.18E-06 6.97E-04 0.8398 Uncharacterized   
S5-EZ107051.1 395 168 hours: Fg PH1 wild-type- Mock 3.44E-06 9.47E-04 6.4971 Fusarium Fujikuroi Mitochondrion 0 JX910420.1 
S1-GRMZM2G113205 396 168 hours: Fg PH1 wild-type- Mock 1.47E-06 5.69E-04 0.7158 Uncharacterized 0 EU967356.1 
S1-GRMZM2G136977 397 168 hours: Fg PH1 wild-type- Mock 4.21E-07 9.27E-04 0.9876 Uncharacterized 0 EU968614.1 
S1-GRMZM2G113967 398 168 hours: Fg PH1 wild-type- Mock 2.74E-08 1.49E-04 -1.0050 CBL-Interacting Protein Kinase 0 NM_001115006.2 
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